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We introduce a versatile advanced method of electrospinning for fabricating various kinds 
of nanofibrous patterns along with desired alignment, controlled amount of deposition and 
locally variable density into the architectures. In this method, we employed multiple 
electrodes whose potentials have been altered in milliseconds with the help of 
microprocessor based control system. Therefore, key success of this method was that the 
electrical field as well as charge carrying fibers could be switched shortly from one 
electrode’s location to another, as a result, electrospun fibers could be deposited on the 
designated areas with desired alignment. 
A wide range of nanofibrous patterned architectures were constructed using proper 
arrangement of multiple electrodes. By controlling the concurrent activation time of two 
adjacent electrodes, we demonstrated that amount of fibers going into the pattern can be 
adjusted and desired alignment in electrospun fibers can be obtained. We also revealed 
that the deposition density of electrospun fibers in different areas of patterned architectures 
can be varied. We showed that by controlling the deposition time between two adjacent 
electrodes, a number of functionally graded patterns can be generated with uniaxial 
alignment. We also demonstrated that this handy method was capable of producing 
random, aligned, and multidirectional nanofibrous mats by engaging a number of 
electrodes and switching them in desired patterns.  
A comprehensive study using finite element method was carried out to understand the 
effects of electrical field. Simulation results revealed that electrical field strength alters 
shortly based on electrode control switch patterns.  
Nanofibrous polyvinyl alcohol (PVA) scaffolds and its composite reinforced with 
wollastonite and wood flour were fabricated using rotating drum electrospinning 
technique. Morphological, mechanical, and thermal, properties were characterized on 
PVA/wollastonite and PVA/wood flour nanocomposites containing 0, 5, 10, and 20 wt % 
of fillers. Morphological analyses carried out by digital optical microscope, scanning 
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electron microscopy, x-ray computed tomography, and Fourier transform infrared 
spectroscopy, confirmed the presence and well dispersion of fillers in the composites. In 
addition, improvement of mechanical properties with increased filler content further 
emphasized the adhesion between matrix and reinforcement. PVA with 20 wt % 
wollastonite composite exhibited the highest tensile strength (11.99 MPa) and tensile 
module (198 MPa) as compared to pure PVA (3.92 MPa and 83 MPa, respectively). 
Moreover, the thermal tests demonstrated that there is no major deviation in the thermal 
stability due to the addition of wollastonite in PVA scaffolds. Almost similar trend was 
observed in PVA/wood flour nanocomposites where tensile strength improved by 228 % 
for 20 wt % of reinforcement. The PVA/wollastonite and PVA/wood flour fibrous 
nanocomposite which poses higher mechanical properties might be potentially suitable for 
many advanced applications such as filtration, tissue engineering, and food processing. 
We believe, this study will contribute to further scientific understanding of the patterning 
mechanism of electrospun nanofibers and to allow for variety of design of specific 
patterned nanofibrous architectures with desired functional properties. Therefore, this 
improved scheme of electrospinning can have significant impact in a broad range of 
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Chapter 1 Introduction 
1.1 Introduction 
Nanotechnology is a very fast growing scientific area due to its enormous potential 
applications in almost all engineering and science disciplines. It is used in medical science, 
materials science, and in electrical, chemical, and mechanical engineering. Nanostructures 
consist of at least one dimension at the nanometer range, which is one-billionth of a meter 
in the SI unit system. At nanometer scale, all materials possess very unique physical, 
chemical, and biological properties which can be beneficial for advanced applications. An 
example of zero-dimensional nanostructure is a nanoparticle, whereas a nanotube or a 
nanofiber is one dimensional nanostructure.  
One dimensional nanofibers, with diameters ranging from 10 nm to 1000 nm, and aspect 
ratios (length/ diameter) larger than 100:1 have outstanding characteristics, such as high 
specific surface area, flexibility in surface functionality, and superior mechanical 
properties compared with any other forms of the material [1, 2].These exceptional 
properties make nanofibers a strong candidate for many important and fascinating 
applications in tissue engineering scaffolds, drug delivery and release systems, sensors, 
filtrations, energy storage and so on [3, 4]. These nanofibers are also referred as superfine, 
ultrafine, and submicron fibers in the literatures [5].  
To date, numerous approaches have been developed to fabricate nanofibers such as 
drawing, phase separation, template synthesis, self-assembly, and electrospinning [6]. 
Drawing is a process that can produce single long nanofiber one by one from polymer 
solution. The liquid fiber is drawn from a sharp tip and solidified by rapid evaporation of 
the solvent. Only viscoelastic materials can be drawn by this technique. The viscosity of 
the droplet continuously changes with time due to evaporation of solvent which affects the 
fiber diameter and prevents the continuous drawing of fibers [7]. 
2 
 
In phase separation method, the polymer gel is prepared from the homogeneous solution 
of the polymer. The required concentration of polymer solution is then stored in a 
refrigerator set at the gelation temperature. The gel is submerged in distilled water for 
solvent interchange followed by the separation from the distilled water, and blotting with 
filter paper. Then, they are transferred to a freeze-drying vessel which results in a porous 
nanofibrous matrix [8]. The main drawback of this process is it is time consuming to 
transfer the solid polymer phase into a nano-porous structure as it involves five major 
steps.  
In template synthesis, a hard nano-porous membrane is used to obtain, nanofibers of 
polymers, metals, semiconductors and ceramics. Self-assembly is referred to as a ‘bottom-
up’ manufacturing technique where small molecules are added together to assemble a 
complete nanofiber [9]. Well-defined structures and properties of nanofibers depend on 
the smaller molecules and the intermolecular forces that bring the molecules together. 
However, self-assembly is also considered as a time-consuming process. 
Electrospinning has proven to be an efficient, versatile and straightforward approach for 
fabrication of thin fibers from a rich variety of materials including polymers, composites, 
and ceramics [10, 11]. The resulting electrospun fibers, having diameter in the micro- to 
nanometer ranges, can be made into large continuous lengths with uniform diameter. 
Moreover, electrospinning offers some unique possibilities such as adjustable porosity on 
electrospun fibers, hollow interiors and the flexibility to spin into a variety of shapes and 
sizes. Table 1.1 shows a comparison of the processing techniques to obtain nanofibers. 
1.2 Motivation 
Electrospinning involves fabricating a micro- or nanoscale fiber from polymer solution or 
melts with the use of high voltage electrical field. The high voltage induces charges to the 
polymer solution. Electrically charged jet is ejected from the spinneret when the 
electrostatic forces overcome the surface tension of the polymer solution and then 
undergoes bending instability and solidification of solvent, resulting in the formation of a 
randomly oriented, nonwoven mat of thin fibers on the collector screen. Electrospinning 
has the following remarkable advantages [12]: 
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 The setup is simple and easy to build 
 Electrospun fibers can be fabricated from a wide range of materials 
 Can develop wide variety of nanostructures including 1D, 2D, and 3D. 
 Fiber diameter can be controlled from micrometer to nanometer 
 Versatile fiber morphology 
 Potential functional properties of nanofibers 
 Potential of large-scale production 
The fundamental idea of electrospinning can be traced back to the early 1930s. Anton 
Formhals published a series of patents from 1934 to 1944 describing an experimental setup 
for the production of textile yarns [13, 14]. In 1969, Geoffrey Ingram Taylor [15] 
investigated the jet formation from the droplet of the polymer solution and mathematically 
determined that an angle of 49.30 is desired to balance the electrostatic forces with the 
surface tension of solution, which is referred as “Taylor cone”. 
In 1966, Simons [16] revealed a technique for the production of patterned non-woven 
fabrics. In that method, electrically-spun filaments were aggregated into bundles or 
clusters defining a controlled pattern of aggregates of high-filament density contrasting 
with controlled areas of low-filament density. In the following few decades, the structural 
morphologies of electrospun fibers with various polymer materials have been investigated 
by a number of research groups. Baumgarten et al. [17], in 1971, studied the 
electrospinning behaviour of acrylic fibers. In 1987, Hayati et al. [18], investigated the 
effects of electrical field and the factors affecting the jet stability. 
Research on electrospinning gained momentum after late 1990s due to increased 
knowledge on the application of nanofibers in various potential fields. Over the decade, 
lot of experiments and theoretical studies with various materials have been carried out via 






Table 1.1 Comparison of the processing techniques to obtain nanofibers [12]. 

















































Usually, the electrospun nanofibers are collected as randomly oriented nonwoven mats 
[19]. Recently, a number of methods have been developed to accumulate the electrospun 
fibers as uniaxial array [20-22]. It is well-known that micro/nano patterned structure with 
proper alignment may possess potential functions which could be useful for many 
advanced applications for example, tissue engineering and microelectronics. Zhang and 
Chang [23] employed electro-conductive templates to produce patterned architectures by 
electrospun fibers. They reported that diameter, spacing, and protrusions play important 
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roles in controlling the arrangement of fibers. Wang et al. [24] used stainless steel mesh as 
a template collector and showed well-tailored architectures and patterns can be a potential 
candidate for tissues or organs, where an order cellular arrangement is needed.  
1.3 Applications of Electrospun Nanofibers 
The unique features of nanofibers such as high specific surface area to volume, high 
porosity, and hollow interiors plus the functionalities from the polymers themselves impart 
nanofibers with many desired properties for advanced applications. An outlook of possible 
applications is presented in Figure 1.1.  
1.4 Problem Statement 
Because of tremendous interest in nanoscale materials and their properties, progress on 
electrospinning has increased dramatically in the recent years. Electrospinning systems are 
now capable of processing a wide variety of polymers, ceramics, and composite materials 
into ultrafine fibers with controllable diameter, and surface morphologies. Furthermore, 
with the modified collectors setup and advanced spinning techniques, structures with 
different compositions, hollow interiors, complex architectures, unique morphologies, and 
functional properties of electrospun fibers have been developed [25, 26]. However, many 
technical issues still exist and a number of fundamental questions need to be resolved. 
Ordered architectures of fibrous patterns are very important for many applications, 
including nanoscale electronic and photonic devices, and tissue engineering scaffolds. 
Generally, electrospun fibers are collected as a non-woven randomly oriented mat. Li and 
coworkers [27] produced uniaxially aligned nanofibers using a pair of conductive 
electrodes, separated by an air gap, but these cannot be employed successfully for 
producing complex patterned architectures. Therefore, preparation of electrospun 




Figure 1.1 Potential applications of electrospun polymer nanofibers. 
In addition, controlling the fiber deposition in any desired direction and location within 
the pattern still remains in rudimentary primary stage of development, particularly for 
solution electrospinning. A possible mechanism for achieving this is by concentration of 
electric field in the desired direction of deposition, and the ability to change this direction 
when needed. But this is difficult to implement. Several studies have been carried out for 
achieving controlled fiber deposition, for example, by controlling the point of deposition 
[28], and by using external electrical force guidance [29]. However, the precision and the 
alignment of fiber deposition have not been satisfactorily implemented.  
Normally, nanofibrous patterned architectures are developed by using a patterned 
conductive electrode as collector which is very expensive and time consuming to construct 
and can only be used for one type of deposition pattern [30]. Therefore, extensive research 
is needed in order to develop a versatile, and inexpensive advanced electrospinning 
method capable of incorporating functional properties into nanofibrous patterned scaffolds  
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Furthermore, a number of key issues need to be addressed, for instance, how to control the 
amount of fibers deposition and how to generate multidirectional aligned fibers in a single 
patterned architecture. 
1.5 Research Objectives  
The main objective of this research is to develop a system for producing fibrous patterned 
architectures with controlled deposition and alignment. The following are the specific 
objectives of this study: 
1. Develop an advanced electrospinning setup capable of producing various 
types of nanofibrous mats. 
2. Fabricate and characterize various nanofibrous patterned architectures with 
the developed advanced setup. 
3. Control the deposition directions of electrospun nanofibrous scaffolds 
4. Control the electrospun fiber density at desired location within the 
architecture and produce different kinds of functionally graded scaffolds 
5. Investigate the alignment of electrospun nanofibers by controlling the 
electrical field using microprocessor control system. 
6. A parametric study to design the developed advanced electrospinning setup 
and correlate it with the electrical field simulation. 
7. Investigation of thermal, mechanical, and morphological properties of 








1.6 Structure of the Thesis 
This thesis is organized into seven chapters: 
1. Chapter 2 discusses the basic working principle and various approaches of 
electrospinning process. 
2. Chapter 3 describes the parameters that govern the electrospinning process, 
materials and solvents that practiced in the electrospinning process by several 
research groups, properties of electrospun nanofibers and their prospective 
applications. 
3. Chapter 4 provides the details of experimental setup that is constructed in the 
laboratory and also explains the working principle of a custom measuring tool 
developed for characterizing the electrospun nanofibers.  
4. Chapter 5 reports the experimental finding of various patterned architectures 
with controlled deposition; the results of alignment of electrospun nanofibers due 
to controlling the electrical field; fabrication and characterization of uniaxial 
functionally graded deposition; and a parametric study (shape, size, and gap of 
electrodes) to design the developed advanced electrospinning setup and electrical 
field simulations using COMSOL Multiphysics which were correlated with the 
experimental findings . 
5. Chapter 6 presents the thermal, mechanical, and morphological properties of 
PVA/wollastonite and PVA/wood flour fibrous nanocomposites 




Chapter 2 Electrospinning – The Basics 
2.1 Electrospinning Process 
Figure 2.1 shows a schematic diagram of typical electrospinning setup. There are three 
basic components in electrospinning process: a high voltage supply, solution containing 
pump connected with a pipette or needle to which high voltage is applied, and a conductive 
collector. Usually, a syringe, acts as a reservoir containing a polymer solution with proper 
conductivity, viscosity, and surface tension, and its plunger is pushed by a metering pump 
to generate a constant flow of solution through the needle. A Direct Current (DC) or 
Alternative Current (AC) high voltage source which induces a high electrical charge on 
the surface of the solution is applied between the needle and grounded collector, which 
creates an electrical field between these electrodes. Two major electrostatic forces act on 
the solution droplet: An electrostatic repulsive force on the surface due to charge having 
similar polarity and the columbic force arising due to electrical field. With the significantly 
high electrical field, the electrostatic forces can overcome the surface tension of the 
solution and form a conical shape named as Taylor cone [31, 32] and ultimately resulting 
in the ejection of a thin jet from the needle tip. The charged jet then follows a route to 
ground. Before reaching the collector plate, the charged jet undergoes stretching and a 
number of whipping motions. During this time the solvent evaporates and the solute is 
deposited as interconnected webs of continuous fibers of randomly oriented non-woven 
mat on a grounded collector plate. Hence, the entire electrospinning process may be broken 
down into several operational regions: (i) formation of the cone-jet, (ii) initiation of the 
jet, (iii) instability of the jet, (iv) jet solidification and collection. 
2.1.1 Formation of the Cone-jet 
The jet formation of the polymer solution depends on various important factors such as 
surface tension, shapes of droplet, rheology, electrical charge, mass, etc. When there is no 
electrical field in between needle and ground collector, the liquid flows drop by drop. With 
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increasing voltage potential from zero, the liquid droplet start micro dripping. This 
phenomena is caused mainly due to attraction of the charged liquid droplet to the ground 
collector and the reduction of the surface tension which results in accumulation of charges 
on the droplet surface [33, 34]. At large voltage potentials the liquid droplet continues to 
deform and forms a conical shape referred as Taylor cone. Both the repulsive force and 
surface tension acting on the droplet are responsible for the formation of cone-jet [35]. In 
1964, G. I. Taylor [15] estimated that the surface tension of liquid droplet is perfectly in 
equilibrium with the normal voltage creating a conical shape with a half angle of 49.30. In 
2001, Yarin et al. [33] adjusted the Taylor cone theory based on the experimental results. 
They reported that the liquid surface develops a critical shape of cone with a half angle of 
33.50 as shown in Figure 2.2. 
 
Figure 2.1 Schematic of a typical electrospinning system. 
 
2.1.2 Initiation of the Jet 
Since an electrical potential difference is applied between the syringe needle and counter 
collector, a charge is induced on the surface of the droplet of polymeric fluid with normal 
and tangential components. Ejection of the fluid jet from the tip of the Taylor cone occurs 
when the intensity of the electrical field gains a certain critical value that can overcome 
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the surface tension of the polymer solution. According to Taylor’s calculation, the critical 








− 1.5)) (0.117𝜋𝛾𝑅)                                       (2.1) 
where, H is the distance between needle tip and the ground collector, L is the length of the 
capillary, R is the needle outer radius and γ is the surface tension of the liquid. 
 
Figure 2.2 (a) Videograph of the critical droplet shape observed for a sessile droplet; 
(b) Part of the image in (a), processed with Scion Image; (c) Critical droplet shape 
observed for a pendant drop; (d) The enlarged droplet tip from (c), processed with Scion 
Image [33]. 
After ejected from the Taylor cone, the jet travels in a straight line for a certain distance 
depending on the solution and electrical configuration followed by an array of unstable 
bending motion with growing amplitudes. Then the jet begins to trail a bending, winding, 
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spiralling and looping path in space. An example of steady and bending instability of jet 
in the electrospinning is shown in Figure 2. 3. Numerous theoretical and experimental 
studied have been carried out to establish these phenomena and are discussed below.  
 
Figure 2.3 Jet travels in a straight line (a), followed by bending instability (b) [36]. 
 
2.1.3 Linear Path of the Jet 
Reneker and co-authors [34, 37] modeled the linear segment of the jet by a viscoelastic 
dumbbell as illustrated in Figure 2.4. The dumbbell, AB, models a viscoelastic Maxwellian 
liquid jet accounting for the elastic component with the spring (elastic modulus G) and the 
viscous component by the dashpot (viscosity µ). According to Maxwell model, the stress 










𝜎                                     (2.2) 
Where, t is time and l is the filament length. 
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+ 𝜋𝑎2𝜎                                    (2.3) 
Where, a is the cross-sectional radius of the filament, and v is the velocity of bead B. 
 
Figure 2.4 Viscoelastic dumbbell model representing a fraction of the rectilinear part 
of the jet [34]. 
The numerical results of this expression are displayed in Figure 2.5. The longitudinal stress 
𝜎 first raise over time, passes a maximum, and then decreases very slowly (shown in Fig. 
2.5 a). The dimensionless longitudinal force, 
𝐹𝑣𝑒?̅?
𝑙 ̅
 , acting on the jet passes its maximum 
before 𝜎 does. Therefore, the filament length, 𝑙∗̅ , is identified where 𝜎 passes the 
maximum and the longitudinal force is quite low. Figure 2.5 b shows that filament length, 




In another study, He and co-workers [38], measured the critical length of straight jet in 
electrospinning. The critical straight length L1 accounts from the capillary orifice or the 






−2)                           (2.4) 
Where, 𝑅0 = (
2𝜎1𝑄
𝜋𝑘𝜌𝐸
)1/3  ,Q is the flow rate, σ1 is the surface charge, k is the dimensionless 
conductivity, E is the electrical field, ρ is the liquid density, l2 is the current passing through 
the jet, and ro is the initial radius of the jet. They also verified their theoretical prediction 
with experimental observations for two materials poly(hydroxybutyrate- co-valerate) 
(PHBV) and cellulose and claimed good agreement with the model. 
 
Figure 2. 5 Relation of longitudinal stress with time scale (a), length of the rectilinear 
part of the jet as a function of the applied voltage [4]. 
2.1.4 Jet Instability 
After straight segment, the jet further elongates and reduces its diameter. In a study, using 
high speed photographs. Reneker and coworkers [37, 39] reported that the jet in each loop 
grew longer and thinner while increasing loop diameter and circumference. The elongation 
of each segment occurs because of induced charges on the jet that are driven by high 
electrical forces. As the perimeter of the loops grows, the cross sectional diameter of the 
jet becomes smaller. This breaks the balance force between the surface tension and the 
electrical forces, and creates an unstable jet. Due to this newly created small diameter, the 
path of the jet becomes unstable and next cycle of bending instability develops. The 
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process of bending instability repeats many times on a smaller scale. Three or more smaller 
diameter bending instability is often observed in the electrospinning process. The solvent 
in the jet evaporates during its flight from the needle tip to the collector. Finally, the jet is 
so thin or becomes so stiff that the bending instability can no longer govern the fiber 
formation process. Figure 2. 6 demonstrates the prototypical instantaneous position of 
electrospinning jet path (the straight segment is shown red, the first bending coil in yellow, 
and the third bending coil in blue) [39].  
Several research groups have worked on mathematical model of bending instabilities. 
According to Reneker et al. [34, 39], Hohman et al. [40, 41], and shin et al [42], there are 
three main types of bending instabilities that have been  observed. The Rayleigh instability 
is the primary mode of instability and occurs due to opposing forces acting on the surface 
area of the jet. The electrostatic repulsive force acts to increase the surface area of droplet 
whereas surface tension acts to reduce the surface area. Therefore, instability occurs, which 
causes the jet to break up into small droplets. This is an axisymmetric, non-conductive 
mode typically occurring in highly viscous fluids that can lead to bead formation as shown 
in Figure 2.7. Surface tension, which dominates this kind of instability, can be suppressed 
by high electrical fields. The second mode of instability is also an axisymmetric instability 
referred to as the second axisymmetric instability. This type of instability normally occurs 
at higher electric field strength than the Rayleigh instability. 
The third instability called the whipping instability, has a non-axis-symmetric conductive 
mode and plays a key role in reducing the jet diameter from micrometer to nanometer. 
High surface charge densities and high fluid flow rates induce a dipole moment into the 
jet promoting ending motion. The jet undergoes a large deformation as it moves outward 
and introduces spiral and whipping motions that lead to reduction of the diameter of the 
fibers. 
2.1.5 Jet Solidification and Collection 
While the jet travels from needle tip to collector plate, all the solvent evaporates and the 
jet forms a fairly thin fiber. Finally, electrospun fibers are collected at the target electrode. 
The target or collector is a conductive electrode having opposite charge, through which 
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the charges on the fibers dissipate. Different types of targets such as flat plate, metal sheet, 
rotating cylinder can be used. Based on the collector used in electrospinning, the 
morphology and structure of electrospun deposited fibers can be modified. In general, a 
stationary flat plate is used for collecting random oriented fiber mat [43] whereas, rotating 
drum, parallel plate, and auxiliary electrodes are used to collect aligned fiber array [22, 
27] Patterned fiber mat, 3D fibrous scaffolds and fiber yarn or rope can also be developed 
based on the electrodes employed in electrospinning [4]. 
 
Figure 2. 6 A prototype of bending instability of jet path during electrospinning 
process [39]. 
2.2 Various Approaches of Electrospinning Process  
Progress in the electrospinning over the last few decades have resulted in numerous new 
methods for the production and construction of various nanofibrous assemblies. Although 
electrospun fibers carries many fascinating properties, but initially, they could not catch 
much industrial attention because of lower production rates and lack of knowledge and 
interest in the size, shape, and flexibility of electrospun nanofibers. Many advanced 
electrospinning methods overcome these drawbacks and proved that it is one of the 
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effective and economic method of producing nanofibers. The recent progress on various 
approaches of electrospinning is discussed in the following section.  
 
Figure 2.7 Axisymmetric (a) and non-axisymmetric instabilities of the jet caused by 
an external electrical field [39]. 
2.2.1 Nonwoven Electrospun Nanofibers 
In a typical electrospinning process, a flat counter electrode is placed at a certain distance 
from the needle tip to which high voltage is applied. This results in a uniform electrical 
field being generated. Electrospun nanofibers are collected on the plate as random or 
nonwoven mats [44, 45]. Some potential applications of nonwoven mats are: filtration, 
adsorption of biological and chemical warfare gases, protective clothing, thermal 
insulation, artificial blood vessels, wound dressing, drug delivery systems, and fiber-
reinforced materials [3, 46]. 
2.2.2 Fiber Alignment 
The orientation of nanofibers along a certain direction is often required for the fabrication 
of electronic and photonic device, fiber-based reinforcement or for tissue engineering. 
Numerous approaches, described in the following sections, have been used to produce 




Rotating Drum Collector 
A continuous and uniform film of fiber can be formed by rotating the collector drum at 
very high speed and translating the spinneret or the drum. The key factors for controlling 
fiber diameter and alignment in this process are the rotational speed and the relative rate 
of translation between the spinneret and the drum. Figure 2.8 illustrates a schematic of 
electrospinning with rotating drum. This technique is widely used to obtain aligned 
electrospun nanofibers [47, 48]. The fiber alignments can be achieved only to some 
extents. The main advantages of this process are high production rate, low cost, better 
process control and alignment.  
Rotating Disk Collector 
The rotating disk collector is a slightly modified setup of rotating drum collector. Here a 
tapered, wheel like disk is used as collector (shown in Fig. 2.9). The advantage of using a 
rotating disk collector over a drum collector is that most of the fibers are deposited on the 
sharp edge and the degree of orientation of the collected fibers is significantly improved. 
Several researchers have showed that the field strength is much higher near the edge of the 
disk [49, 50]. As a result, the charged fibers were continuously deposited parallel to each 
other along the edge. A small quantity of thick aligned fibers can be produced in this way.  
 





Pair of Parallel Electrodes 
Li et al. [21, 27] reported that the geometric arrangement of conductive collector had a 
great effect on the orientation of electrospun nanofibers. When two conductive strips are 
placed in parallel having a gap of variable widths as shown in Figure 2.10A, it is possible 
to collect highly uniaxial aligned nanofibers (Fig. 2.10B). The arrangement of parallel 
electrode collectors with a gap or insulating section between the electrodes alters the 
electrostatic forces that assist the charged fibers to span across the gap (Fig. 2.10C). The 
authors claim that increasing the gap distance improves the alignment of the nanofibers 
until fibers break down. The degree of orientation of the nanofibers can be fairly improved 
by this process.  
 
Figure 2.9 Schematic of electrospinning with rotating disk [28]. 
Magnetic Electrospinning 
Magnetic electrospinning setup is the same as the conventional setup except for the use of 
two permanent magnets placed parallel to each other to generate a magnetic field between 
them (sketch is shown in Fig. 2.11). Yang et al. [51] have used this technique to obtain 
well aligned PVA electrospun fibers. They used small amount of magnetic nanoparticles 
into the polymer solution to magnetize and claimed that embedded small amount of 
20 
 
magnetic nanoparticles do not hamper the morphology of the fibers. They demonstrated 
that the magnetic field springs the fibers across the gap making parallel array. 
 
Figure 2.10 A) Schematic setup of parallel electrodes separated by a void gap. B) 
Optical micrograph of PVP nanofibers collected across the void gap between two silicon 
strips. C) The electrostatic force analysis of charged nanofibers between the electrodes 
[27]. 
2.2.3 Advanced Electrospinning Processes 
Coaxial Electrospinning  
Coaxial electrospinning is an extended form of electrospinning and consists of two 
concentrically aligned nozzles (sketch shown in Fig. 2.12). Two polymeric solutions are 
separately supplied into the central tube nozzle for developing core-shell nanofibers. The 
same high voltage is applied to both nozzles which leads to the formation of a compound 
droplet. Due to high electrostatic field, a compound jet emerges which consists of core 
material surrounded by shell material. The jet experiences similar bending instability and 
solidification discussed earlier, during its travelling and finally, nonwoven nanofibers are 
collected on the collector screen. This coaxial electrospinning has been widely applied for 
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controlled drug release [52], enclosing functional liquids within the fiber matrix [53], and 
highly sensitive biochemical sensors [54]. 
 
Figure 2.11 Schematic of magnetic electrospinning to generate aligned fibers [51]. 
 
 
Figure 2.12 Schematic view of coaxial electrospinning [52]. 
 
Needleless Electrospinning Process 
One of the barriers of conventional electrospinning method is low production rate. In order 
to avoid this limitation various efforts have been made, such as increasing the number of 
22 
 
needles [55], increasing flow rate of solution using air jacket [56]. Needleless 
electrospinning process is considered a substitute for overcoming the issues of low 
production and a large operating space. A schematic setup of needleless electrospinning is 
depicted in Figure 2.13. A bath is filled with polymer solution which is charged by dipping 
an electrode in it. A spiral coil is employed into the liquid bath to create multiple 
spinnerets. Numerous jets initiate simultaneously from the liquid bath and deposit on 
collector screen. This needleless electrospinning is very problematic to control as the jets 
initiation process from liquid bath is self-organized [57]. 
 
Figure 2.13 Schematic setup of needleless electrospinning [55]. 
Multijet and Mixed Electrospinning 
In order to fabricate multilayer nanofibers two or more syringes with different polymer 
solutions are placed in parallel (Fig. 2.14A) from where multiple jets are ejected when the 
same high voltage is applied to the needle tip. In mixed electrospinning, two or more 
different polymer solutions are mixed prior to application of high voltage to the needle to 
form compound solutions from two or more different syringes under different processing 
conditions (Fig. 2.14B). Kidoaki et al. [58] first introduced mixed and multilayer 
electrospinning technique. Moreover, various materials such as PCL, PLA, PDO, gelatin, 
and elastin have been studied using multilayer electrospinning [59, 60]. These 
electrospinning methods not only increase production rate but also open many more 




Manipulation of Electrical Field 
The electrostatic charge distribution along the jet path in electrospinning has been studied 
by many researchers [61-63]. The deposition of electrospun fibers can be altered, with 
even a slight variation in the electrical field profile. Therefore, an external electrical field 
can be added in this system to control the deposition location and area [63] of electrospun 
fiber. By manipulating the electrical field, it is possible to deposit electrospun fibers in 
uniaxial array [64] and to develop pattern structures [65]. The auxiliary electrodes system 
can have the base electrode, steering electrodes, focusing electrodes, the collector and 
guiding electrodes as shown in Figure 2.15. 
 
Figure 2.14 Multiple syringes arrangement for A) multilayer B) mixed electrospinning 
[58]. 
Usually, the base electrode is a conductive plate which generates a uniform electrical field 
between spinneret and the collector screen. The function of the focusing electrodes is to 
monitor the jet so that deposition of electrospun fiber is more localized. One or more ring, 
cylindrical, rectangle, or conical shape focusing electrodes are placed closed to spinneret 
to reduce the spread area of jet. Deitzel et al. [64] used ring type focusing electrodes, placed 
evenly between spinneret tip and collector screen. They generated a cylindrical electrical 
field applying the same positive voltage on the needle tip and rings and a negative charge 
to the collector as shown in Figure 2.16 (A). Due to auxiliary electrodes, the electrical field 
profile converged to the centerline (Fig. 2.16 (B)) which significantly reduced the 
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deposition area of electrospun fiber. Using this technique, randomly oriented nanofibers 
can be fabricated on a small spot. Steering electrode is used in order to have more precise 
control over jet.  
 




Figure 2.16 Auxiliary electrodes set-up (A) for controlling fiber deposition, and 
corresponding electrical field profile (B) [64]. 
2.2.4 Nanofibrous Patterned Architectures 
In the recent years, patterning of electrospun nanofibers has been receiving attention for 
various applications, such as micro or nano-devices, microelectronics, photonic and 
biomedical fields. One of the most simple and effective methods for developing 
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nanofibrous structures is to use a patterned electrode as collector. Zhang and Chang [23] 
employed an electroconductive template with woven structure and found a patterned 
architecture similar to the patterned template collector after electrospinning. Changing 
wires with different diameters within the template collectors, they reported that the 
patterned collector directly affects the deposition and arrangement of the fibers, as well as 
the architecture of the electrospun mats. Using the patterned electrode Ye et al. [66] 
fabricated the Bird’s Nest patterned architectures from various non-polar and polar 
polymer materials (illustrated in Fig. 2.17).  
 
Figure 2.17 Images of (a) Beijing National Stadium-Bird’s Nest, patterned structure of 






Chapter 3 Electrospinning Process 
3.1 Materials and Solvents 
In general, polymers are the preferred material, both for academic and industrial 
researchers because they have beneficial mechanical, chemical, and electrical properties, 
like light weight, flexible, durable, high tensile strength, chemical resistance, and physical-
chemical stability. The functionality and applicability of polymers can be further enhanced 
by producing micro or nano structures using electrospinning method. Almost all soluble 
polymers can be processed to form micro nanofibers by this technique. A comprehensive 
summary of polymers which have been successfully electrospun to-date is listed in Table 
3.1. Also given in the table are the solvents which have been used and chemical formula 
for the corresponding polymers. 
Table 3.1 Different polymers used in electrospinning 
No. Polymer Solvent Ref. 
1 Polylactic acid, PLA Chloroform, Methlyene chloride 
and Dimethyl formamide 
[22, 67] 
2 Polyethylene oxide, PEO Ethanol/Water, Chloroform 
(CHCl3), Acetone 
[44, 68] 
3 Polyacrylamide, PAA Ethanol/Water [69]  
4 Poly(vinyl alcohol), PVA Ethanol/Water [70] 
5 Polyurethane, PU THF/ethanol, Dimethyl 
formamide 
[44] 
6 Polycaprolactone, PCL Acetone [44] 
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7 Polystyrene (PS) Tetrahydrofuran (THF), 
Dimethylformamide (DMF), 




THF, Acetone, and CHCl3 [72] 
9 Nylon 6 Formic acid and acetic acid [73] 
10 Cellulose acetate, CA Acetone, acetic acid, 
dimethylacetamide 
[74] 
11 Silk Formic acid [75] 
12 Gelatin Formic acid, acetic acid [76] 
13 Polyamide, PA-6 Formic acid, Formic 
acid/dichloromethane, Formic 








Dichloroethane (3:2, v/v) 
[78] 
15 Polyvinylchloride, PVC Tetrahydrofuran/dimethylforma
mide 
[79] 
16 Collagen Hexafluoro-2-propanol [80] 





18 Polyacrylonitrile, PAN Dimethyl formamide [82] 
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Polymers melts do not require use of solvents, which is beneficial for environment, and 
can be employed to produce nanofibers through electrospinning. Instead of solution, 
molten polymers at high temperature are introduced into the syringe and the fabrication 
has to be performed under vacuum conditions. Polyethylene (PE), polypropylene (PP), 
PLA, PET, PCL, PEG, and PU have been successfully electrospun by melt electrospinning 
technique [83, 84]. 
3.2 Effect of Working Parameters on Electrospinning 
Understanding the effect of a wide range of working parameters such as solution 
parameters, process parameters, and ambient parameters are very crucial for the process 
of electrospinning and the transformation of polymer solutions into nanofibers. By proper 
control of these parameters, desired morphologies, properties, and diameters of fibers can 
be achieved. Numerous research groups investigated the effect of such parameters on 
electrospinning process and reported that the morphologies of electrospun fibers are 
greatly dependent on each of the parameters.  
3.2.1 Solution Parameters 
Surface Tension 
Surface tension is one of the important factors in electrospinning. Fong et al. [85] 
conducted experiments with PEO as model with distilled water, NaCl, and ethanol to 
determine the influence of surface tension. They reported that by holding the PEO 
concentration constant and reducing the surface tension of the solution, smooth fibers with 
larger diameters can be produced. In general, surface tension should be low enough 
compared to charges present on the polymer solution to initiate the electrospinning. If all 
the parameters of electrospinning remain constant, surface tension creates a window of 
upper and lower boundaries of electrospun fiber [86, 87]. 
Viscosity 
Solution viscosity is a vital parameter determining the fiber morphology [44, 85, 88]. As 
viscosity is directly proportional to concentration in a binary polymer-solvent system, 
adjusting the polymer concentration of the solution, fiber morphology can be controlled. 
Continuous and smooth fibers can be obtained at relatively high viscosity of polymer 
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whereas low viscosity results in thin fibers with beads [44]. Solution cannot be pressed 
through tiny needle when the viscosity is too high. It is well-known that polymeric 
molecular weight, viscosity, and solution concentration are closely related to each other. 
For example, when the solution viscosity is low, the surface tension dominates in 
electrospinning, as a result, beaded fibers are formed. In contrast, if the solution has proper 
viscosity, continuous and uniform fibers can be acquired. 
Concentration 
The concentration of polymer solution is also a key factor in determining the fiber 
formation during the electrospinning process. At very low concentration of polymer, 
electrospun fibers are no more continuous, rather electrospray occurs due to low viscosity 
and high surface tensions of the solution [86]. With the slight increase in concentration, 
formation of electrospun material changes from polymeric micro (nano)-particles to a 
mixture of beads and fibers [89]. With further increase in concentration, uniform and 
smooth fibers are obtained. By increasing the concentration of solution, the fiber diameter 
is also increased if the solution concentration is suitable for electrospinning process [89, 
90]. Finally, micro-ribbons type’s electrospun fibers are produced at very high 
concentration of polymer solution [91]. 
Molecular Weight 
Molecular weight of the polymer is a significant parameter which affects the morphologies 
of electrospun fibers. In general, higher molecular weight reflects more entanglements of 
polymer chains in solution which prevents the breakage of the fibers. Hence, smooth fiber 
is more common for a fixed concentration of solutions with higher polymer molecular 
weight. Lowering the molecular weight of the polymer results in non-uniform or beaded 
fibers [89] and too high molecular weight trends to form micro-ribbon [91]. 
Solution Conductivity 
Conductivity of solution is related to the presence of charges at the surface of solution 
which is responsible for stretching of the polymer solution during the electrospinning 
process. Generally, polymers are polyelectrolytic in nature, in which adding charges on 
the surface mean higher conductivity of the solution and hence, under the higher electric 
field, the movement of charged jets increase, resulting in greater elongation. The electrical 
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conductivity favors the formation of thinner fibers [85, 89], which can be improved by 
adding salts or electrolytes which produce ions.  
3.2.2 Processing Parameters 
Voltage 
Applied voltage is one of the critical factors within the electrospinning process. It is 
reported that diameter of electrospun fibers is not significantly affected by the applied 
voltage [88]. Depending on polymers, applied high voltage generates controversial results. 
Several research groups reported that higher applied voltages can raise the electrostatic 
repulsive force on the charged jet which reduces the fiber diameter [92]. Studies also report 
that a higher voltage can favour the formation of large fiber diameter because more fluid 
is ejected [93]. Some groups also demonstrated that too high voltage causes multiple jets 
which provide non-uniform fiber diameter and the beads formation [89]. Thus, voltage 
effects show different tendencies on electrospun fiber’s diameter, the level of significance 
varies with the polymer solution concentration, mass of polymer fed out from needle tip, 
elongation level of a jet by an electrical force, morphology of a jet (a single or multiple 
jets), etc. However, voltage itself does not have a very significant role in controlling the 
fiber morphology. 
Flow Rate 
Flow rate determines the amount of solution ejected from the charged needle tip in the 
electrospinning process. Studies have reported that the flow rate is inversely proportional 
to the rate of jet thinning. Higher the flow rate results in reducing the rate of jet thinning, 
and as a result, thicker or non-uniform electrospun fibers may be produced and vice versa 
[94]. Higher flow rate carries more polymer materials at the tip of the needle which helps 
to form larger Taylor cone. Therefore, solutions do not have much time to elongate or 
solvent may not evaporate completely as the solution moves faster and leaves beads, non-
uniform and larger diameter on electrospun fibers. On the other hand, smooth fibers with 
thin diameter are more common when relatively lower flow rates are applied, due to low 




Distance between Tip and Collector 
The distance between tip of the syringe and collector is another important parameter 
affecting electrospun fiber diameter and its morphologies. Generally, lesser the distance, 
lower the flight time and higher the electrical field. As a result, the solvent will not have 
enough time to evaporate before reaching the collector which lead to bead formation with 
flatten cross-section [95]. In contrast, too large distance decreases the electrical field 
strength and causes both increase [96] and decrease [88] the fiber diameter. The larger 
distance enhances the evaporation rate of solvent, so that smooth and thinner fibers can be 
obtained but this evaporation depends on humidity and volatility of solvent [95]. The larger 
distance also generates insufficient electrical field between the needle tip and collector 
electrode. Sometimes these contradictory phenomena may favour the development of 
higher diameter of fibers. It has been proven that optimum distance provides smooth and 
thinner electrospun fibers for each polymer.  
Collector Plate 
Usually, collector electrode is grounded to maintain proper potential difference between 
the collector and needle tip, and collects the electrospun fibers. A non-conducting plate 
may yield lower packing of fibers compared to conductive plate. In the literature, various 
collectors such as aluminum foil, glass plate, wire mesh, rotating drum, pin, and liquid 
bath etc. have been practiced [28, 97].  
Diameter of the Needle 
It has been shown that the diameter of the needle directly affects electrospun fibers. 
Smaller diameter of the needle restricts solution flow at the tip and forms smaller droplet 
with higher surface tension. As a result, time for jet thinning increases and beads and thin 
fibers are observed. On the other hand, increasing the needle diameter, bigger droplet 
forms which can be non-uniform with beads.  
3.2.3 Ambient Parameters 
Humidity and Temperature 
Ambient parameters such as humidity and temperature also play a great role in the 
formation of electrospun fiber diameters and morphologies. Low humidity favors 
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generation of smooth and thin fibers as solvent evaporation is faster when fibers move 
towards the collector plate. Whereas, high humidity helps in condensing water on the 
fibers, leading to porous and thicker fiber [98]. As for temperature, fiber diameters slightly 
decreases with increasing temperature [94]. The reason behind this phenomenon is that the 
solution viscosity decreases with increasing temperature for a fixed concentration of 
solution. 
3.3 Properties of Electrospun Nanofibers 
Nanofibers formed by electrospinning exhibit various distinct features and properties that 
are not usually seen in conventional one-dimensional structures produced by other 
techniques. In this section, we discuss some of the unique properties of polymer 
nanofibers. 
3.3.1 Fiber Dimension and Morphology 
The diameter of polymer fibers produced by electrospinning ranges from nanometer to 
several micrometers which is the key parameter for many applications. The major 
advantages of electrospun nanofibers are large surface area to volume ratio, high degrees 
of porosity, superior mechanical properties and modified surface functionalities. However, 
for a variety of applications, for instance, tissue engineering, filtration, sensors, fuel cell, 
catalysis, drug delivery, and nanofiber reinforcement, it is desirable to have a porous, 
hollow tube, or non-smooth surface structures on the electrospun fibers.  
3.3.2 Porous Nanofibers 
The formation of pores in the nanofibers greatly increases its surface area which is 
advantageous in many applications. Numerous attempts have been reported by number of 
groups for generating a porous nanofiber. One of them is based on phase separation of 
polymers caused by selecting appropriate parameters of electrospinning process. During 
the evaporation of the solvent, the solution becomes thermodynamically unstable, yielding 
polymer rich regions and polymer deficient regions, which results in formation of pores in 
the solid phase [99].  
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Electrospun porous nanofibers can also be obtained from a solution of mixtures of two 
immiscible polymers in the common solvent followed by one of the polymers being 
dissolved from the spun material [99]. Evaporation of the solvent causes phase separation 
within the nanofibers, leading to bimodal or porous structures.  
Another method for producing porous structures is using a ternary system comprising of a 
highly volatile and a less volatile solvent mixed with the polymer. The difference in the 
evaporation rates of solvents generates the phase separation in this system. Qi et al. [100] 
demonstrated a ternary system of BuOH/DCM/PLLA and obtained porous fibers (shown 
in Fig. 3.1). This is obtain if the solvent is more volatile than the non-solvent in the 
spinning solution. 
A more commonly used method is the selective removal of one of the phase component 
from electrospinning blend materials. You and co-workers [101] have successfully 
prepared porous ultrafine poly(glycolic acid) (PGA) fibers from ultrafine PGA/poly(L-
lactic acid) (PLA) blend fibers after removing the PLA by selective dissolution technique 
with chloroform. 
McCann and co-workers [102] have developed highly porous fibers by modifying 
collector setup. Instead of conventional setup they used a liquid nitrogen bath to collect 
polystyrene, polyacrylonitrile, polycaprolactone, and polyvinylidenfluoride fibers and 
then reheated rapidly to room temperature. This freeze-dry approach causes an instant 
phase separation into solvent and solid polymer leaving highly porous surface on the 
electrospun fibers.  
It is evident that the amount of moisture in the environment affects the surface morphology 
of electrospun fibers; therefore, by controlling humid environments a porous structure can 
easily be developed. In this approach, the relative humidity (RH) is controlled using a 
humidifier tool placed inside the electrospinning box. When the spinning fiber experiences 
solvent evaporation process, the tiny droplets of water precipitates onto the streaming 
fiber. These water droplets leave porous structures on the solidified fibers. Casper et al. 
[98] worked with PS and revealed that greater than 30% humidity in air initiated pores on 
the surface of electrospun fibers. They also claimed that increasing the amount of humidity 
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caused an increase in the number of pores on the surface, the pore diameter, and the pore 
size distribution. 
 
Figure 3.1 Fabrication of porous fibers prepared from the solution of 8 wt.% PLLA with 
DCM/BuOH (60/40): (a) low magnification, (b) high magnification [100]. 
3.3.3 Hollow Nanofibers 
One dimensional nanofibers with hollow interiors are very attractive for a range of 
applications such as nanofluidics and hydrogen storage. Couple of methods have been 
employed for fabrication of this kind of nanostructures. One of them is based on the 
removal of template materials. In this method, conventional electrospinning is used to 
make a precursor polymer in to nanofiber or a ‘‘template’’. After that, a second material 
is deposited onto the template surface with an inorganic ceramics or metals either from 
solution or melt, via layer by layer techniques or from the vapor phase and this is followed 
by selective removal of the polymer cores or template, resulting in the desired hollow 
nanofibers. Donmez et al. [103] for instance, successfully fabricated hollow Hafnia (HfO2) 
nanofibers using removal of nylon 6, 6 nanofibers as sacrificial template. 
Another popular method for producing hollow nanofiber is based on coaxial spinning (Fig. 
3.2A). The basic concept of this approach is to prepare the nanofibers by coaxial 
electrospinning from two immiscible liquids, followed by removal of the core material by 
selective solvent. Applying the same technique, Xia and Li [104] fabricated TiO2/PVP 
poly (vinyl pyrrolidone) hollow nanofibers (Fig. 3.2B) by removing the oil phase from the 
core. Highlighting a problem of unstable Taylor cone in the formation of core-shell or 
hollow nanofibers, the same authors showed in another paper, that adding a sol-gel 
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precursor such as Ti(OiPr)4 to the PVP solution during the spinning process can prevent 
structural breakdown. Using this technique, they developed a stable morphology of 
electrospun fiber [105]. Polycrystalline ceramic nanotubes were obtained by removing 
both PVP and oil through calcination at elevated temperature (Fig. 3.2 C and D).  
 
Figure 3.2 (A) Schematic setup of electrospinning with a co-axial spinneret. The heavy 
mineral oil (core phase) and the ethanol solution (shell phase) containing PVP and 
Ti(OiPr)4, were simultaneously ejected through a coaxial spinneret. TEM images of 
hollow nanofibers after the oily phase was selectively removed (B) by extraction (C) by 
calcination. (D) SEM image of a uniaxial aligned array of nanotubes made of anatase 
[104]. 
With the similar setup, Park et al. [106] successfully fabricated hollow carbon nanofibers 
(HACNFs) using poly(methyl methacrylate) (PMMA) as a pyrolytic core precursor with 
either polyacrylonitrile (PAN) or PAN/PMMA blended polymer as a carbon shell 
precursor. 
3.3.4 Core-shell Nanofibers 
Having intrinsic functional properties from two materials, nanofiber with core and shell 
can be fabricated by slight modification of spinneret in the conventional electrospinning 
process. Two immiscible [107] or miscible [108] polymers or polymer with ceramic [105] 
or metals are ejected through outer and inner capillaries of a coaxial spinneret (shown in 




Figure 3.3 Schematic illustration of the coaxial electrospinning for spinning core-shell 
nanofibers [109]. 
The fabricated core-shell nanofibers have advantages accruing from both materials 
simultaneously. For instance, Lee and co-works [109] synthesized Si core/C shell 
nanofibers as an anode material for Lithium batteries using co-axial electrospinning and 
showed they are promising anode materials satisfying both productivity and 
electrochemical requirements. Moreover, the coaxial electrospinning can be widely 
applied in encapsulating drugs into polymer nanofibers, enclosing functional liquids, and 
controlling the secondary structures of nanofibers. 
3.3.5 Three-Dimensional Structural Nanofibers 
Electrospinning has been adopted as a versatile method which is capable of producing 
complex three-dimensional (3D) nanofibrous structures. These 3D nanofibrous 
macrostructures are very attractive for tissue engineering, filtration, and energy storage 
applications. Yan et al. [110] reported 3D honeycomb structures with various polymers 
(shown in Fig. 3.4). They observed that humidity is a key parameter for developing these 
self-assembled 3D honeycomb structures. When the humidity drops at a certain level, the 
low concentration solution remains wet after electrospun which may cross or contact each 
other at certain point. With the additional support from surface tension and repulsive force, 




Figure 3.4 SEM images showing the surface morphology and wall structures of 3D 
honeycomb structures from (a) 3 wt. %PAN/DMF solution at the voltage of 22 kV (b) 
6 wt. %PVA/aqueous solution at the voltage of 22 kV (c) 16 wt. %PEO at the voltage 
of 22 kV and (d) 16 wt. %PEO at the voltage of 19 kV [110]. 
Three-dimensional complex structures can also be developed by modifying the fiber 
collection method. Zhang and Chang [111] recently developed 3D fibrous tubes and 
interconnected 3D tubular structures (as displayed in Fig. 3.5).  
Besides direct fabrication method of 3D structures using electrospinning, the 2D layers of 
electrospun fibers can be turned into desired 3D fibrous structures, by a subsequent post-
process such as folding or rolling up. Figure 3.6 shows some examples of 3D fibrous 





Figure 3.5 Schematic sketch of the process for fabrication of 3D fibrous tubes and other 
tubular structures [111]. 
3.4 Applications of Electrospun Nanofibers 
The unique features of nanofibers such as high specific surface area to volume, high 
porosity, and hollow interiors plus the functionalities from the polymers themselves impart 
nanofibers with many desired properties for advanced applications. An outlook of possible 
applications is presented in the following section. 
Filter applications 
Fiber-based filter shows significant improvement in filtration efficiency compared with 
conventional filter. The three key features of nonwovens electrospun fibers are the overall 
porosity; defined as the ratio of the pore volume to the overall volume, the average pore 
size (the pore size distribution), and the inner specific surface area (defined as the surface 
area divided by either the overall volume or the overall mass).To obtain higher filter 
efficiency, it is generally necessary that the sizes of the pores in the filter materials should 
be in the nanometer ranges. The filtration efficiency also depends physical structure of the 
filter, for instance, fiber fineness, thickness, and base structure; electronic properties of 
fiber surface, and its surface energy. These parameters determine the circulation of gas 
through the fibers, the resistance to airflow, and the filter effectiveness. The mechanisms 
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of capturing particles by the filter media can be broken down into four mechanisms based 
on the particles size. Large particles than the pore size of the filter media are easily blocked 
by the sieve effect whereas smaller particles could be captured by the fibers, through 
interception, impaction, or static electrical attraction mechanism. 
 
Figure 3.6 3D nanofibrous structures acquired by post-processing after electrospinning 
(a) Oriented chitosan mesh tube [112], (b) 3D scaffolds after mechanical expansion 
[113], and (3) 3D composite scaffolds [114]. 
 
It is shown by experimental measurements and theoretical calculations that electrospun 
nanofiber scaffolds are very efficient for capturing airborne particles ranging from 0.5 µm 
to 200 µm [115]. Nanofiltration membranes composed of nanofibers are frequently used 
in moderating of ground water and the distillation of surface water for drinking water 
requirement [116]. Nanofiber filters are also used to protect and isolate garments and bags 
from virus, bacteria, and decontaminate aerosol dusts [117].  
As fiber-based filters are capable of blocking most of the tiny particles from waste liquids 
and air, therefore, they are strong candidate of filter media in industrial applications, 
particularly as wastewater treatment for textile industries, and for the noise reduction 
problem of aircraft, vehicles and infrastructures. Donaldson, AMSOIL, and DuPont 
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Company have produced nanofiber-based filter products for industry, consumer, and 
defense applications  
Nanofiber Reinforcement 
The dominating parameters that effect the fiber reinforced composite are the mechanical 
properties of the fibers, their aspect ratio and the mechanical bonding between the fibers 
and the matrix [1]. Because of the high surface to volume ratio, the use of nanofibers 
exhibits better interaction between the fibers and matrix materials, hence, enhances the 
mechanical properties. As nanofibers have small diameters, the light reflection is 
negligible. Therefore, transparent matrices with reinforced nanofibers remain transparent, 
even though their refraction indices do not match with each other. The impact strength of 
the reinforced matrix can be improved significantly by adding nanofibers, due to large 
specific surface area between matrix and nanofiber. Tang and Liu [118] prepared cellulose 
nanofibrous reinforced PVA nanocomposite and showed that the composite film exhibited 
good transparency to visible light. The mechanical strength and Young’s modulus were 
also increased considerably compared with the pure PVA film 
Tissue Engineering 
In tissue engineering, the electrospun scaffolds are used on human body cells so that they 
can mimic the structure and biological functions of the natural extracellurlar matrix 
(ECM). The nanofibrous scaffolds are expected to facilitate the growth, migration, and 
proliferation of the cells to regenerate the three-dimensional structure of the tissue. 
Moreover, they are able to fulfil a diverse range of requirements concerning 
biocompatibility, biodegradability, architecture, large surface to volume ratio, high 
porosity, variable pore size distribution, and the ability to be tailored into a variety of sizes 
and shapes, and mechanical properties. A schematic illustration of general principal of 
tissue engineering is shown in Fig. 3.7. Numerous researchers are making extensive efforts 
for producing such scaffolds with synthetic biopolymers and/or biodegradable polymer 




Figure 3.7 A schematic illustrations of tissue engineering [3]. 
Wound Dressing 
A potential application of electrospun nanofibers in biomedical field is in the treatment of 
large wound healing, such as burns and abrasions. Wound healing recovers the damaged 
organs by a native process of regenerating dermal and epidermal tissues. Normally, the 
injured body cannot heal a deep dermal wound. Therefore, with the aid of electrospinning 
method, a thin layer of nanofibrous web especially from biodegradable polymers is 
directly sprayed or spun onto the affected zone which lets wound heal by encouraging the 
formation of normal skin growth and eliminates the formation of scar tissue that occurs in 
a traditional treatment method [120]. Such nanowebs carry enough pores, ranging from 
500 nm to 1 µm, for the exchange of liquids and gases with the environment, but they are 
small enough to protect the wound from bacterial penetration via aerosol particle capturing 
mechanisms. 
Bones 
The functional properties of bone tissue scaffolds are that they should be porous, and made 
of biodegradable materials that shelter various growth factors, drugs, genes, or stem cells. 
Nanofibrous poly(e-caprolactone) (PCL) scaffolds have been extensively studied in bone 
tissue engineering [121, 122]. Yoshimoto et al. [122] cultivated, expanded and seeded 
mesenchymal stem cells (MSCs) derived from the bone marrow of neonatal rats on 
electrospun PCL scaffolds and observed that penetration occurred into the PCL matrix 
after one week and type I collagen occurred at 4 weeks. 
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Zhang et al. [123] prepared hydroxyapatite/chitosan (HAp/CTS) biomimetic 
nanocomposite fibers by combining an in situ co-precipitation synthesis approach with an 
electrospinning process. It had been demonstrated by biological in vitro cell culture with 
human fetal osteoblast (hFOB) cells for up to 15 days that the integration of HAp 
nanoparticles into chitosan nanofibrous scaffolds can lead to significant bone formation 
oriented outcomes compared to that of the pure electrospun CTS scaffolds. 
PLC/ Bioactive glass, PCL–HA–collagen, poly(ethylene oxide terephthalate)-
poly(butylenes terephthalate) (PEOT/PBT) fibers), silk fibron/ bone morphogenetic 
protein-2 (BMP-2) or Hap, poly(lactic acid)/gelatin, and collagen–hydroxyapatite have 
also been widely studied for bone tissue regeneration [124, 125]. 
Blood Vessels 
To mimic the native blood vessel, the electrospun nanofibers should carry desired 
morphological and mechanical characteristics. Vaz et al. [126] fabricated a bi-layered 
tubular scaffold composed of a stiff and oriented PLA fibrous outer layer and randomly 
oriented PCL fibrous inner layer (PLA/PCL) and achieved desired levels of pliability. 
They suggested that PLA/PCL bi-layered electrospun scaffolds have appropriate 
characteristics to be considered a candidate for blood vessel tissue engineering. Small 
diameter vascular grafts were prepared with a composite scaffold incorporating a highly 
porous poly(ester-urethane)urea (PEUU) inner layer and an external PEUU electrospun 
nanofiber layer by Soletti and coworkers [127] (as presented in Fig. 3.8). The bilayer 
scaffold showed comparable mechanical properties with those of native vessels, and better 






Figure 3.8 A bi-layered small diameter PEUU vascular graft (a) before and (b) after cell 
cultivation [127]. 
Drug Delivery and Release Control 
In the last few decades, researchers have showed tremendous attention for transporting, 
releasing, and controlling of drug delivery systems (DDS) as it is a crucial concern in 
medicine. In medical service, controlled release of drug is considered to be an efficient 
process. DDS fabricated by electrospinning have many advantages over conventional 
doses, for example, improving therapeutic efficacy and reducing toxicity by delivering 
drug at a controlled rate over a longer period of time. Furthermore, they are able to 
penetrate certain membranes or barriers, e.g., the blood–brain barrier, and can be released 
only on the targeted cells. However, degradation rate of polymer regulates the type of a 
drug loading into delivery system. According to drug loading and carrier materials, likely 
modes of DDS are: (1) Post spinning nanofibers- drug as particles attached to the surface 
of the carrier (2) both drug and carrier are nanofiber-form, hence the end product will be 
the two kinds of nanofibers interlaced together, (3) the blend of drug and carrier materials 
integrated into one kind of fibers containing both components, and (4) core-shell 
electrospinning where the carrier material is electrospun into a tubular form and the drug 
particles are encapsulated. DDS can be used to treat many diseases, such as cardiovascular 
diseases and diabetes, cancerous tumors, metastases, pulmonary hypertension, and asthma.  
Solar Cells 
Electrospun nanofibers with metal oxide have shown great application potential in solar 
energy sector as they have characteristics of better electrical conductivity with higher 
specific surface area than nanoparticles, and interconnected pores in nanofibrous mat 
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enhanced penetration of viscous polymer gel electrolyte. The solar–electric energy 
conversion efficiency have been achieved over 90 % from electrospun TiO2 electrodes 
with a poly(vinylidenefluoride–co–hexafluoropropylene) (PVDF–HFP) gel electrolyte 
than conventional liquid electrolyte system [128]. To improve electrical conductivity, the 
electrospun TiO2 electrode was further treated with TiCl4 aqueous solution so that an 
additional rutile TiO2 layer can form on the fiber surface. Such a rutile TiO2 reduced the 
pore volume of nanorod photoelectrodes while improving inter-rod connectivity and 
enhancing electron diffusion [129]. By doping of materials onto electrospun fibers, charge 
generation and transport can also be improved. For instance, strontium doped TiO2 
(SrTiO3) enhanced photocatalytic activity by improving charge separation derived from 
the coupling effect of TiO2 and SrTiO3 nanocomposite [130].  
Fuel Cells 
Electrospun materials can be used as catalyst in fuel cells because they have high catalytic 
efficiency, excellent durability, and affordable price. Pt based catalyst, for example, PtRh 
and PtRu nanowires were prepared by electrospinning, and exhibited higher catalytic 
performance than commercial nanoparticle [131]. Electrospun nanofibers can also be 
employed as catalyst-supporting materials instead of direct use as catalyst. Li et al. [132] 
electrodeposited Pt clusters on the carbon nanofiber mats and showed that the catalytic 
peak current of the composite catalyst reached up to 420 mA/mg as compared with 185 
mA/mg of a commercial Pt catalyst.  
Hydrogen Storage 
Hydrogen, a zero-emission fuel, is considered to be a future energy source. Researchers 
are investigating to find efficient methodologies to produce and store hydrogen. Hydrogen 
can be absorbed by the materials based on the materials’ porosity in the form of metal 
hydrides. The smallest pores are most efficient for hydrogen storage; therefore, using 
electrospinning method, desired pore size and morphology of nanofibrous materials can 
be fabricated for hydrogen storage. Electrospun carbon fibers [133], and graphite 





Electrospun nanofiber-based supercapacitors show excellent capacitive behavior due to 
high specific surface area and controllable pore size on the electrospun fibers. Wee et al. 
[135] synthesized vanadium pentoxide (V2O5) nanofibers using electrospinning and 
showed a maximum specific capacitance of 190 F g−1 in aqueous electrolyte (2 M KCl) 
and 250 F g−1 in organic electrolyte (1 M LiClO4 in PC) with promising energy density of 
5 Wh kg−1 and 78 Wh kg−1 respectively. Porous carbon nanofiber composites (NFCs) were 
produced with polyacrylonitrile (PAN) and polymethylhydrosiloxane (PMHS) by Kim and 
coworkers [136] and demonstrated with 5 wt% PMHS had the highest specific 
capacitance, 126.86 F g−1. 
Catalyst and Enzyme Carriers 
One of the main difficulties in catalysis is the elimination and recycling of the catalytic 
agent after the reaction. The addition of homogeneous or heterogeneous catalysts into 
nanofibers plays a vital role in resolving these issues. The reaction can be carried out by 
either circulating the mixture around the fibers (as is the case in the continuous flow mode 
to shorten reaction time) [137], or the fibers fixed on a carrier can be immersed repeatedly 
into a reaction vessel to catalyze the content of the vessel. The polymer nanofibers mixed 
with metal (Rh, Pt, Pd, Rh/Pd, and Pd/Pt) nanoparticles has been widely used for 
improving the efficiency of catalyst. Formo et al. [137] have demonstrated a simple polyol 
method for depositing Pt, Pd, and Rh nanoparticles with different sizes on nonwoven mats 
of TiO2 and ZnO2. They found that Pt nanoparticles coated on nanofibers membranes 
exhibited an excellent catalytic ability for a number of reactions.  
Sensors 
Besides high sensitivity, fast response, and reliability, a good sensor should have small 
dimension but large specific surface area, low manufacturing cost, and multiple functions. 
Therefore, electrospun nanofibers are very strong candidate to form a highly sensitive and 
fast response sensor. Various approaches have been reported for making nanofibrous 
sensors such as using polymeric sensing material, incorporating sensing molecules into 
other polymer nanofibers, coating/grafting sensing material on electrospun nanofiber 
surface. Nanofiber based sensors can be employed both in liquid and gas environment. 
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Gouma et al. [138] reported that electrospun fibers with molybdic oxide (MoO3) and 
tungsten oxide (WO3) could be engaged for detection of NO2 and NH3 in air, respectively. 
Transistors 
The electrospun nanofibers having tunable, optical, and electrical properties can be 
effectively used in field-effect transistors (FET). Babel and coauthors [139] investigated 
the optical and electrical properties of two series of binary blends of poly[2-methoxy-5-
(2-ethylhexoxy)-1,4-phenylenevinylene] (MEH−PPV) with regioregular poly(3-
hexylthiophene) (PHT) and with poly(9,9-dioctylfluorene) (PFO) and claimed that they 
can be exploited in field-effect transistors. Polyaniline/polyethylene oxide (PEO) 
nanofibers were electrospun and overserved the effect of field-effect transistor (FET) by 
Pinto et al [140]. They proposed one dimensional electrospun nanofibers can be 
successfully employed in FETs. 
Other Applications 
Electrospun nanofibers can be used as templates in the Chemical Vapor Deposition (CVD) 
to produce hollow ceramic or metallic fibers [141]. In this method, the electrospun 
biodegradable or soluble polymer nanofibers are coated by a range of polymers, metals 
and ceramics materials. A hollow nanotube is formed after degradation of the template 
polymer fibers.  
Using various advanced methods of electrospinning, the properties of nonwoven 
nanofibers can be greatly altered and combined with conventional textiles to provide 
higher performance textiles such as for increase in wind resistance, regulation of the water-
vapor permeability, optimizing the thermal insulation behavior, and support of textiles 
with specific functionalities, for instance, self-cleaning effect, aerosol filtering, and 
protection against chemical or biological hazards [142]. 
Electrospun polymer nanofibers have huge potential in sound absorption. Liu and 
coworkers [143] worked with electrospun polyacrylonitrile (PAN), thermoplastic 
polyurethane (TPU) and thermoplastic polyester elastomer (TPEE) nanofibers and showed 




Electrospun nanofibers with electrical and electro-optical behavior play significant role in 
developing nanoscale electronics and photonics device [144], for instance, nano-diodes, 
field emission, optoelectronics, and electrochromic display. Another potential application 
of polymers nanofibers with piezoelectric effect such as polyvinylidene fluoride is 




Chapter 4 Experimental Setup 
4.1 High Voltage Power Supply Generation  
The high voltage is one of the basic requirements in electrospinning process which creates 
an electric field between the tip of a needle and a collector plate. When the applied high 
voltage reaches a significant value that can overcome the surface tension of the solution, 
only then the fiber jet ejects from the Tylor cone. Generally, more than 6 KV positive or 
negative high voltage is needed in order to initiate the jet from the solution droplet [146]. 
However, depending on the other processing, solution, and environmental parameters of 
electrospinning, a higher voltage may be required. High voltage plays a significant role in 
order to develop fiber diameter and morphology. 
We developed a stable high voltage direct current (DC) power supply in the laboratory 
which can generate up to 30 KV. This system is based on high voltage flyback transformer 
(HVFBT), which was selected because it is easy to find, inexpensive, and compact.  
A typical flyback transformer and its circuit are shown in Figure 4.1. A DC power supply 
drives the primary winding of the flyback transformer. When the switch is turned on, 
energy is stored in the primary core material. An integral diode and polarity dots on the 
transformer are placed in such way that no energy can transfer to the load. When the switch 
is turned off, the polarity of the transformer winding converses due to the failing magnetic 
field in the primary winding, and the energy that was stored in the core material is 
transferred to the load. This activity is repeated and the duty cycle is adjusted till the 




Figure 4.1 A typical flyback transformer and its circuit [147]. 
4.1.1 Design of HV Circuit 
The high voltage power supply consists of a HVFBT as the main component, a PWM 
circuit, and a feedback circuit (as illustrated in Fig. 4.2). A pulse-width modulation (PWM) 
with controllable frequency and duty cycle was used as an input to the HVFBT. 
The PWM circuit was comprised of a SG3525 IC, a duty cycle control circuit with 15 kΩ 
variable resistor, and a frequency control circuit. The duty cycle and frequency of the 
PWM wave need to be adjusted in order to achieve desired output voltage in the HVFBT. 
The drain pin of IXFH8N90 MOSFET was hooked to the primary side of the HVFBT. The 
high frequency generated by PWM triggers the MOSFET and allows the current to flow 
through the primary winding of HVFBT. Two MOSFET were connected in parallel to 
double the input frequency of PWM. The maximum input voltage of the primary winding 
of the HVFBT for this design circuit is DC 60V. 
To monitor the output voltage, one end of a high voltage resistor was connected to the 
high-voltage output pin of the secondary winding of HVFBT. We have used a 500 MΩ 
resistor so that the current flow through the monitoring circuit remained as small as 
possible. The divided voltage was then buffered and converted into digital data which was 
displayed by the LCD. Finally, the divided voltage was multiplied by a known calibration 
factor (voltage dropped across a known resistor) in order to calculate the actual high 
voltage output. A feedback from the output high voltage is also connected to the input 
PWM circuit. Using a variable potentiometer from the feedback circuit, the high voltage 
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output can also be adjusted. A high voltage capacitor was hooked in between a ground pin 
and high voltage output pin of HVFBT to maintain a smooth and continuous high voltage 
output. 
 
Figure 4.2 A circuit diagram of high voltage power supply using HVFBT 
Any kind of leakage, dry soldering, electromagnetic radiation from high voltage output, 
improper adjustment of duty cycle and frequency to the PWM can induce noise in to the 
high voltage signal which can make the entire system unstable. Therefore, the HVFBT and 
high voltage control circuit were submerged in mineral lubricant oil to avoid any 
disturbance. All the electronics design work regarding this advanced electrospinning setup 
has been carried out in collaboration with Mr. Tahir Siddiqui. 
4.2 Electrode Control System  
Typically, in electrospinning process, conductive electrode is used to collect the 
electrospun fibers. An opposite high voltage potential is connected with the electrode to 
create a continuous path for the movement of charges. There are numerous type of 
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collectors used in electrospinning methods including aluminum foil, flat conductive plate, 
wire mesh, grids, parallel plate, rotating drum, liquid bath and so on [28, 148]. Electrospun 
nanofibers deposition pattern varies based on the collector used in the electrospinning 
system. Li and co-workers [27] have suggested that electrospun nanofibers can be prepared 
as uniaxial aligned arrays by using two parallel conductive collectors separated by air gap. 
They connected both conductive collectors to the fixed ground potential and showed the 
electrical field splits into two equal parts between the collectors, and as a result, 
electrospun nanofibers receive some degree of alignment.  
One of the objectives of this research is to produce aligned fibers. Therefore, we started 
our works by modifying the conductive electrode system in order to develop a versatile 
system of electrospinning so that it can be capable of producing any kind of patterned 
architectures with desired alignment. We hypothesised that by switching the high voltage 
potential of electrodes, the electrical field as well as electrospun charged fibers could be 
moved from one location to another location. But altering one high voltage potential to 
other is quite a difficult task because they might create sparks between the opening 
contacts of switches or relays.  
We replaced a single conductive electrode, typically used in an electrospinning process, 
with multiple electrodes as depicted in Figure 4.3. The voltage potential of these electrodes 
are altered with the help of microprocessor based control system. An important component 
in this control system are the relays. Each collector electrode is operated by an individual 
relay. The characteristics of these relays are that they should have high switching voltage 
to avoid spark between the opening contacts and the contact release time should be as low 
as possible. To satisfy these characteristics we have employed 9104 series high voltage 
SIP reed relays. The key features are: 
 High voltage switching up to 1000 V 
 High dielectric strength (2000 V DC) 
 High insulation resistance – 1011Ω minimum 




 Magnetic Shield – reduces interference 
In short, the electrode control system consists of multiple conductive electrodes which are 
connected to individual high voltage relays. The relays are operated by microprocessor 
control system. ARDUINO codes have been developed which were uploaded to the 
microprocessor. We interface the high voltage system to the personal computer via 
HyperTerminal.  
 
Figure 4.3 A schematic sketch of electrodes control system. 
4.3 Program Development  
The main purpose of this research is to develop various fibrous patterned architectures, 
controlled deposition at desired locations, and improve the alignment of electrospun 
nanofibers with the help of multiple electrodes and switching their zero voltage potential. 
Based on the required deposition pattern, number of conductive electrodes are needed to 
engage and arrange them in desired location. Finally, the zero voltage potential of 
electrodes switches in a sequence of preferred direction by microprocessor control system. 
For example, in order to develop rectangular functionally graded scaffolds, we may 
employ three pairs of electrodes (six electrodes) (a schematic of electrodes configurations 
is shown in Fig. 4. 4A) where electrodes are placed in a column and row a certain distance 
apart from each other. 
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Figure 4.4B shows the switching times of these electrodes. The voltage potential of 
electrodes are switched in a pattern in which two electrodes are active concurrently. This 
is called overlap time (OT). Then the 1st electrode is switched off while only the 2nd 
remained active for certain time called net time (NT) after which the 3rd electrode is 
activated. Following another OT the 2nd electrode is deactivated and after NT, the 4th 
electrode is activated and the cycle progressed in a clockwise direction following the 
electrodes switching sequence of 1-2-3-4-5-6-1. 
 
Figure 4.4 Schematics of A) electrodes configuration and B) control timing for driving 
electrodes to generate a desired pattern. 
With this electrodes configuration, the required functionally graded scaffolds can be 
produced in two different ways. Changing overlap time between each pair of electrodes 
(electrodes 1 & 2, 3 & 4, and 5 & 6), deposition time of fibers can be varied at those 
locations and as a result, functionally graded scaffolds are developed. In another direction, 
keeping overlap and net time constant, we can prolong the electrical field potential 
between active electrodes pairs 1 & 2, 3 & 4, and 5 & 6. Thus, functionally graded 
scaffolds are created by varying the cycling ratios among the electrodes. 
Therefore, switching the voltage potential of electrodes is the key element for generating 
various shapes of nanofibrous patterns. We developed microprocessor based system for 
controlling the electrodes. For each desired shape of nanofibrous scaffolds, we wrote 
separate codes which were uploaded to the ARDUINO microprocessor. Program was 
controlled from personal computer with the help of hyper terminal. 
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4.4 Chamber Fabrication 
During the experiment the associated current in the system can be up to few micro amperes 
at very high voltages. Therefore, this can be very dangerous for the human body because 
any untimely contact, during operation, may affect the heartbeat, resulting in possible 
fatality. Also, high voltage applied between two electrodes with an air gap may produce 
ozone and röntgen radiation. Another harmful item is the solvent, which evaporates during 
the travelling of jet from the spinneret to collector screen and hazardous fumes may escape 
from the setup. Therefore, special safety precautions need to be employed in the 
experimental test equipment design. 
Figure 4.5 illustrates the designed test equipment enclosure with a protective cover of 
transparent acrylic sheet. A protective magnetic switch is equipped on the door. If the door 
is opened during operation, magnetic sensors are triggered and the whole system shuts 
down within a few microseconds which prevents any direct human contact from live 
charges. In addition, the transparent sheet yields a clear view of the electrospinning process 
and prevents air drafts from outside of the cabinet which may disturb the fiber deposition 
from the target position. 
 
Figure 4.5 An illustration of experimental test equipment setup. 
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4.5 Measuring Tool Design 
The fibers produced by electrospinning are small in size and are deposited on the collector 
in various patterns such as random, unidirectional and aligned multidirectional. It is 
important to understand how fibre diameter and its distribution are affected by the 
electrospinning variables. Generally, the characterization involves area, diameter, length, 
and orientation measurements of electrospun fibers. To characterize the electrospun fibre 
diameter and distribution, micrograph images of the deposited fibers are required. These 
micrographs are usually obtained by optical microscope (OM), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) or atomic force microscopy 
(AFM). There are number of difficulties involved in processing these images. One of major 
issues is the non-uniformity of nanofibers throughout the image. The diameters may vary 
from point to point in the same fiber which make the diameter measurement very 
problematic based on area and perimeter calculations. Another problem is the overlapping 
of fibers which enhances the complexity in distinguishing the original fiber diameter. 
Moreover, Electrospun nanofibers are very long and continuous, leaving open boundary 
area at the edges on the micrograph image. Most commercially available measurement 
equipment cannot deal with nanofibers. 
However, fiber diameters can be measured by using manual method that can lead to high 
human errors in the output results. In this method, first the micrograph scale bar is 
measured manually in terms of pixel. Then individual fiber diameter is counted selecting 
two edges of the fibre perpendicular to the fibre axis. Finally, measured pixel number is 
converted to nanometres using the scale. Therefore, this manual method is not considered 
as user friendly, time effective or productive. Identifying the edges of the fibers need great 
attention and the measurements should be exactly perpendicular to the fiber axis which are 
very difficult to achieve. Moreover, as it is an operator-based method, fatigue can reduce 
the accuracy.  
The aforementioned problems can be eliminated by introducing automating measurement 
of fiber diameter. Therefore, we developed an image processing tool using MATLAB 
algorithm in order to minimize operator errors as well as to accelerate our research works. 
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The developed tool can read the electrospun fiber’s micrograph images and can 
automatically measure their characteristics including diameters of fibers, and their 
orientations with respect to horizontal axis along with the statistical variations. The 
development of the MATLAB codes was carried out by collaboration with Keval Thaker, 
an undergraduate student at UOIT. 
Figure 4.6 presents a flow chart of MATLAB algorithms for image processing of 
electrospun fibers. The input to the MATLAB was a pixel based image (RGB image) and 
stores as three-dimensional arrays (i.e., matrices), in which each element of the matrix 
corresponds to a single pixel in the displayed image. To reduce memory requirements, 
image was converted to 8 bits grayscale image in where each pixel is a shade of grey, 
normally from 0 (black) to 255 (white) followed by Median filtration technique which was 
employed to reduce noise and improve smoothness. After that, image was transformed to 
binary data where edge corresponds to sudden change in intensity level from 1 to 0 and 
vice versa (shown in Fig. 4.7A). A morphological operation was performed using marker 
and mask images in order to reconstruct the fibers (see Fig. 4.7B). Then the skeleton of 
the objects is created from binary image. Generally, two or more fibres overlap each other 
throughout the image. Therefore, after identifying overlapping regions by neighbourhood 
operation, they have been removed from the reconstructed image. 
To measure the fiber diameter and angle, reference lines at 100 pixel intervals were 
sketched along the horizontal axis of the image. These reference lines intersected with 
fiber’s skeleton. At intersect points perpendicular lines were constructed based on the 
negative reciprocal of the linear fit of skeleton. Continuous fibrous region (white pixel) 
was counted along the perpendicular line. Finally, the number of white pixels converted 
to micrometers by multiplying with the conversion factors which provided the diameter of 
the fiber. As the edges of fibers were created by rectangular pixels, the average of five 
diameters at each measuring point in short intervals has been used (presented in Fig. 4.7C) 
to improve measurement accuracy. Prior to commencing the measurement process, it is 




Figure 4.6 Flow chart of custom image processing MATLAB algorithm. 
 
With this custom measuring tool, it is also possible to measure the orientation of fibers. 
The angles formed at the intersect points between the reference horizontal lines and linear 
fit of skeleton were measured. Angles ranged from -90o to 90o with 0o being parallel to the 
reference line and individual angles were placed into data bins of 5o each in the frequency 
chart.  
The end products of this custom code image processing are diameter, orientation 




Figure 4.7 Image processing steps: A) binary image, B) reconstructed image, C) 





Chapter 5 Function of Advanced 
Electrospinning Method 
5.1 Introduction 
Polymeric nanofibers produced by simple, and economical electrospinning technique, 
possess high surface-to-volume ratio, tunable porosity, and desired functional properties 
[2, 11, 149], which make them a strong candidate for many advanced applications 
including reinforcement of composite materials, sensors, filtration, drug delivery, and 
tissue engineering [46, 145, 150, 151]. In recent years, electrospun nanofibers collected in 
patterned architectures have attracted increased attention due to their usefulness in a broad 
range of applications such as micro or nano-devices, photonics, microelectronics, and 
biomedical fields [24, 150, 152]. One of the most simple and effective methods for 
developing nanofibrous structures is to use a patterned conductive electrode as collector. 
Zhang and Chang [23] employed an electro-conductive template with woven structure and 
produced a patterned design similar to the patterned template collector after 
electrospinning. Electrospun nonwoven patterned meshes of gelatin–polycaprolactone 
(Gt–PCL), were successfully prepared using several patterned collectors by Zhao et al. 
[30] and they demonstrated that the surface topography of the collector structures 
determined the architecture of the pattern generated. 
Preparation of ordered and controllable micro or nano-structure is one of the leading 
challenges because electrospun nanofibers are generally collected as non-woven and 
randomly oriented structures [153]. Positioning and ordering of individual fibers into the 
pattering architecture is often needed for tissue regeneration [24] and micro or nano-device 
fabrications [150]. Various approaches have been described in the literature for positioning 
the nanofibers in desired directions, for instance; rotating drum [154, 155] or disc [49], 
pair of parallel electrodes [21, 156], and controlling the electrical field [61, 65]. The most 
simple and straightforward methods for developing oriented electrospun fibers are the high 
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speed rotational drum or disk techniques. Nevertheless, directional deposition and 
developing suitable scaffolds are quite difficult to obtain in these cases. Li and co-workers 
[27] have suggested that electrospun nanofibers can be prepared as uniaxial aligned arrays 
by using two parallel conductive collectors separated by air gap. They also demonstrated 
that multi-layered structures of aligned nanofibers could be produced by changing the 
configuration of patterned electrodes. Brown and colleagues [83] have shown that highly 
ordered and complex porous structures can be produced by using melt electrospinning 
technique. Low production rates compared to solution electrospinning technique and size 
limits of ultrafine fibers (dia. >1µm) are the main drawbacks in this technique.  
However, controlling the fiber deposition in any desired direction and location within the 
pattern remains challenging, particularly for solution electrospinning. A possible 
mechanism for achieving this is by concentration of electric field in the desired direction 
of deposition, and the ability to change this direction when needed. But this is difficult to 
implement. The reason is that changing the direction of the high voltage potential field, 
from one set of electrodes to another set, causes sparking in the relay contacts used for this 
switching, which can destabilize the process.  
Moreover, a number of key issues need to be addressed, for instance, how to control the 
amount of fibers deposited and how to generate variable deposition density in various 
sections within electrospun patterned architecture. This study presents a versatile 
electrospinning method for fabricating well-aligned and controllable micro/nanofibrous 
patterns in which the density can be varied at different locations as needed. 
5.2 Material and Experimental Procedure 
PVA: PVA is white, odorless, tasteless, and translucent granular powder. It is water 
soluble, partial soluble in ethanol, and insoluble in all other organic solvents. The melting 
point of polyvinyl alcohol is around 180 to 190°C. The molecular weight ranges from 
26,300 to 300,000 and a degree of hydrolysis is 86.5 to 89%. The chemical formula for 
PVA structure is [CH2CH(OH)]n. PVA has huge applications in the food industries, 
various pharmaceutical, biomedical and textile industries [157, 158]. PVA based 
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commercial products exhibit low environmental impact due to its biodegradability, 
aqueous solubility, and high chemical resistance. In food packaging systems, PVA films 
show outstanding protective properties. In medical devices, PVA can be engaged as a 
biomaterial because of their excellent properties of biocompatible, nontoxic, swelling, and 
bio-adhesive. 
The schematic sketch of experimental setup is shown in Figure 5.1, where multiple 
electrodes are used which can be switched by microprocessor control system. A syringe 
pump (New Era Pump Systems Inc., NE-300, USA) was employed for delivering polymer 
solution to the needle tip (0.26 mm inner diameter). Polyvinyl alcohol (PVA, Mw ~ 
130,000, Aldrich) was dissolved in distilled water to prepare a 8 wt% solution, which was 
then loaded into the plastic syringe. The flow rate of the polymer solution through the 
capillary/needle was 100 µL/h. A stable, lab-made direct current (DC) power supply 
provided the high voltage to the needle tip and the collector electrodes. The applied voltage 
and the collector distance from the needle tip were 10 KV and 6 cm, respectively. The 
fibers were collected on a 2 mm thick acrylic sheet through which copper wire electrodes 
(1.6 mm diameter) protruded so that the sheet plus copper electrodes together acted as 
fiber collection system. After deposition, the electrodes were carefully removed so that the 
fibers remained on the acrylic sheet. The microprocessor based control system can switch 
the potential of electrodes within a few milliseconds. Therefore, charge carrying fibers can 
be moved from one electrode’s location to another within this short duration. 
5.3 Electrical Field Analysis 
The high voltage, which creates electrical field between needle tip and collector, is one of 
the important parameters in electrospinning method. The high voltage has significant 
effect on electrospun fiber morphologies. It induces charges on the solution droplet, and 
as a result, the jet accelerates faster and draws more materials from the Tylor cone. It also 
defines the location of electrospun fiber deposition. However, the electrical field can be 
controlled by adjusting the applied voltage, gap between the needle tip and collector, and 





Figure 5.1 Schematic of the experimental setup. 
A number of research groups investigated the electric field distribution of electrospinning 
process to understand and control the electrospun fiber deposition pattern. Zhao et al. [30] 
simulated the electric field distribution using a grounded Al foil, and a grounded metal 
grid collectors in electrospinning (as shown in Fig. 5.2). They showed that the electric field 
lines distributed uniformly near the Al foil, demonstrating that the electrostatic attraction 
forces on the jets were uniform over the entire Al foil. Therefore, nanofibers could be 
deposited as randomly oriented non-woven fabric mats. On the other hand, the electrical 
field lines were concentrated and pointed toward the protrusions in the metal grid as 
illustrated in Figure 5.2B. This result indicated that the electrical field strength was strong 
over the metal grids as compared to other areas. Hence, the charged jet could be moved 
towards the surface of the metal grids due to the concentrated electrical field (Fig. 5.2D). 
The electric field distribution of plate-plate type electrospinning was analyzed by Hong-
wei and coworkers [159]. They demonstrated that the electric-field vector had axially 
symmetric distribution (Fig. 5.3A) which was responsible for non-uniform fiber 
distribution. They reported that the value of field strength decreases with the increases of 
collector surface area. In Fig. 5.3B shows relation between electric field and collecting 
distance of plate-plate type electrospinning. The field strength dropped very sharply after 
a short distance from spinneret pipe orifice.  
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Li et al. [21] used two parallel conductive silicon strips separated by an air gap (shown in 
Fig. 5.4A). They calculated the electrical field strength vectors between the needle tip and 
the ground collector using Student’s QuickField program (Fig. 5.4B). They showed that 
the electrical field vectors near the conductive collectors were split into two fractions and 
pointed toward opposite edges of the gap. 
 
Figure 5.2 Electric field simulations of electrospinning using an Al foil (A), metal grid 
(B). Tip-to-collector distance was14 cm and supplied voltage to the spinneret was 20 
kV. The corresponding optical images of the electrospun mats (C) and (D), respectively 
[30].  
Therefore, finite element method (FEM) is a useful method for simulating electric field 
strength and field distribution in electrospinning to save cost and improve efficiency. In 
his study, we employed FEM for analyzing the electrical field distribution due to switching 
the voltage potential of electrodes and to find a relationship with the system parameters 




Figure 5.3 Electric field vector distribution of plate-plate type electrospinning (A), and 






Figure 5.4 Schematic illustration of parallel plate electrospinning setup separated by air 
gap (A), and measured electrical field strength between the spinneret and the collector 
(B) [21]. 
5.3.1 Modeling and FE Analysis 
The electric field of our advanced electrospinning system was analyzed using COMSOL 
Multiphysics® software. This method consist of a 3D geometrical model, meshing by 3D 
elements, material properties, boundary conditions, and other features that are used to 
represent the physical system.  
Steady-state electrical field modeling with the COMSOL Multiphysics is carried out in 
either conductive or insulated media. The governing Maxwell’s equations in the steady-
state electric currents is: 
∇. (−𝜎2∇𝑉) = 0                               (5.1) 
Where, σ2 is the material conductivity and V is the voltage potential 
66 
 
The equation 5.1 is solved for the voltage field, V, which is used to compute the electric 
field, 
E = −∇𝑉                                  (5.2) 
And current,  
J = σE                                      (5.3) 
The Maxwell’s equations for the electric fields in perfectly insulating media, can be re-
written as: 
∇. (−𝜖∇𝑉) = 0                         (5.4) 
Where, ε is the material permittivity. 
A three-dimensional geometry of electrospinning including two parallel electrodes 
separated by an air gap of 15 mm was developed by using a modeling software NX 10 
(shown in Fig. 5.5). The needle inner diameter was 0.26 mm and solid electrode diameter 
was 1.6 mm. The distance between the needle and collector was 60 mm. A box 100 mm 
(L) x 55 mm (W) x 55 mm (H) was drawn to model the surrounding environment.  
Meshing is an important and fundamental step in FE analysis. The electrical field near the 
needle and electrodes are crucial in the electrospinning method. Therefore, we generated 
automatic mesh in the needle with extra fine tetrahedral elements, whereas, electrodes 
were meshed with fine tetrahedral elements and the rest of the geometry was constructed 
by normal tetrahedral elements shown in Fig. 5.6 (more details are presented in appendix). 
The materials of needle, electrodes, and surrounding were stainless steel, copper, and air, 
respectively. At the needle, a 10 KV positive voltage potential was applied and zero 




Figure 5.5 Three-dimensional model of our developed electrospinning system. 
 
Figure 5.6 Three-dimensional tetrahedral mesh generated for FE analysis. 
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5.4 Results and Discussion 
5.4.1 Nanofibrous Patterns Generation 
We demonstrated that it is possible to obtain controlled fiber depositions in the desired 
patterns with our versatile method in which any number of collector electrodes can be 
used. One schematic of electrodes configurations is shown in Figure 5. 7a. Four electrodes 
were placed at the corners of a rectangle 1.5 cm high and 2.6 cm wide with an additional 
electrode at the center. Figure 5.7b shows the switching times of these electrodes. The 
voltage potential of electrodes were switched in a pattern which consisted of a 3 ms period 
in which two electrodes were active concurrently. This is called overlap time (OT). Then 
the 1st electrode was switched off while only the 2nd remained active for 50 ms called net 
time (NT) after which the 3rd electrode was activated. 3 ms later the 2nd electrode was 
deactivated and after another 50 ms, the 4th electrode was activated and the cycle 
progressed in a clockwise direction following the electrodes switching sequence of 1-2-3-
4-5-1. Figure 5.7c shows an image of the pattern obtained after a 30 s deposition of 
electrospun fibers. It is clearly seen that a number of aligned fibers were deposited in-
between 1st and 5th electrodes as these were concurrently activated during part of the cycle. 
In comparison, there were no fibers deposited in this zone (illustrated in Figure 5.7d) when 
the voltage potentials altered in a sequence of 1-2-3-4-5-3-1 and at no point the 1st and 5th 
electrodes were active concurrently. It is seen that charged electrospun fibers generally 
followed the switching pattern executed by the control program. The electrostatic forces 
acting on the electrospun fibers attract them toward the active electrodes and by switching 
them at a very fast pace, the charged fibers can be moved from one location to another, 




Figure 5.7 a) A schematic illustration of electrodes configurations and b) control timing 
for driving electrodes to generate designated pattern. Pictorial views of electrospun 
patterns for active electrode switching sequence of c) 1-2-3-4-5-1, d) 1-2-3-4-5-3-1, and 
e) when all electrodes are concurrently active. 
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To better understand the effect of switching activity of the electrodes, another electrospun 
pattern was obtained using a similar arrangement of electrodes but by activating all the 
electrodes concurrently for 30 s. and is displayed in Figure 5.7e. Unlike well-controlled 
depositions obtained earlier, in this case the electrospun fibers were deposited over the 
entire patterned structure. This is due to the fact that the electrostatic field generated by 
the high potential difference is distributed equally throughout the electrode arrangements. 
Therefore, the electrospun fibers spread out all over the areas rather than going to 
designated regions. 
An extensive range of micro/nanofibrous patterned architectures can be produced with our 
method. Deploying three electrodes in triangular array and activating them in a sequence 
of 1-2-3-1, a triangular patterned architecture was generated which is displayed in Figure 
5.8A. The electrospinning time was 60 s. Figure 5.8B displays a hexagonal array where 
electrodes were activated in a sequence of 1-2-3-4-5-6-1 and electrospun for 30 s. In a 
similar fashion, a quadrilateral shape patterned architecture was fabricated using four 
electrodes (shown in Figure 5.8C). 
 
Figure 5.8 Pictorial views showing the electrospun patterned architectures; A) 
triangular shape, electrospun time was 60 s B) hexagonal shape and C) rectangular 
shape. In both B and C cases electrospun time was 30 s and the control time of electrodes 
was 3 ms OT and 50 ms NT. 
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5.4.2 Internal Structures of Patterns  
In order to demonstrate the difference in fiber depositions between the switching 
electrodes system and the continuously grounded electrodes, we compared the fiber 
deposition patterns for three cases. Two, three, and four electrodes were used to produce 
straight, triangular, and rectangular shaped patterns as shown in Figures 5.9a-c, 
respectively, by switching electrodes with 3 ms OT and 50 ms NT. This was compared 
with the deposition patterns when electrodes in similar configuration were continuously 
grounded and shown in Figures 5.9d-f. The inset in each image shows the configuration 
of electrodes and the location where the image was taken. All the electrodes were 1.5 cm 
away from each other. 
Although it is possible to generate patterned architectures with the fixed ground electrodes, 
it is obvious from the optical images that the alignment of fibers in the patterns improved 
significantly when the electrodes’ activation was switched from one location to another. 
This resulted in the concentration of electric field between the active electrodes [30]. In 
addition, due to the altering potentials between adjacent electrodes in short duration, the 
charged fibers were forcibly driven from one location to another. As a result, the degree 
of alignment in that direction was increased. With the continuously grounded electrodes a 
constant electrical field was allotted equally among the electrodes, and therefore, the 
charged fibers moved toward the electrodes due to less concentrated and more distributed 




Figure 5.9 Optical images of the electrospun fibers collected with several electrode 
configurations. In images a, b and c, the electrodes were switched at OT for 3 ms and 
NT for 50 ms when using two, three, and four electrodes respectively. Images d, e and f 
show the same cases, but when the electrodes are kept concurrently active. In all 
arrangements, the electrodes were placed 1.5 cm apart from each other. 
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5.4.3 Controlling Nanofibrous Patterned Architecture 
Although deposition of electrospun fibers into the pattern depends on the acceleration of 
the ejected stream, feed rate of solution through the needle tip, and the distance between 
the needle tip and electrodes, the amount of fibers could be controlled either by controlling 
the deposition time of electrospinning or by regulating the activation time of electrodes. 
In this study, three electrodes were placed in triangular shape for fiber deposition and 
optical images were obtained at the centers of each pair of electrodes. We kept 
acceleration, feed rate, and the distance constant, and studied the effects of varying the 
activation times of the electrode for four cases, namely, a) all electrodes active 
simultaneously; or regulating b) OT to 3 ms and NT to 100 ms; c) OT to 3 ms and NT to 
50 ms; d) OT to 3 ms and NT to 7 ms. Effort was made to keep the deposition time for 
each electrospinning experiment as close to 4 s as possible. A camera was used at its high 
speed setting to compute accurate deposition times so that the results could be normalized 
to one second for each experiment. Figure 5. 10 displays the OM images of PVA 
electrospun fibers for control timing of OT 3 ms and NT 50 ms and deposition time of 
3.667 s. During the NT, electrospun fibers mostly deposited on the conductive electrodes; 
or in a random manner; whereas in the OT, the fibers deposited in-between the active 
electrodes with high alignment. Optical images for all cases were binarized and 
characterized for deposition density with our custom made MATLAB image processing 
algorithm and results are shown in Figure 5.11. Total amount of fiber depositions were 
calculated by summation of all fibers that are seen in the three images taken similarly for 
each case. After that, they were normalized by their individual deposition times. It is 
observed that fiber depositions decrease with increase in net time. The deposition density 
of electrospun fibers was highest for the case ‘d’ when OT was 3 ms and NT was 7 ms as 
it had the highest OT and the highest number of switching cycles per second. The fiber 
deposition was reduced by nearly 45 percent when NT increased by 35 percent for the case 
‘c’ compared to ‘d’. For the case ’b’, there was a 39 percent increase of NT, and depositions 
decreased to approximately 70 percent compared to ‘d’. Finally, for case ‘a’ when all the 
electrodes were active concurrently for the entire duration of experiment, the fiber 
deposition was reduced to around 77 percent compared to ’d’. The phenomena might be 
explained with the electrostatic field patterns and strengths. When an insulating air gap is 
74 
 
introduced between the collector electrodes, it modifies the pattern of external electrical 
field [21, 30]. It is reported that the electrical field strength is equally distributed among 
the present (active) electrodes and has higher magnitude toward them. Therefore, in this 
three electrodes case, the electrospun fibers were mostly deposited between the two active 
electrodes during OT part of the cycle but this deposition was very low during NT part of 
the cycle. Hence the deposition density decreased as NT increased, or equivalently, OT 
decreased. Therefore, by regulating NT and OT using the control system, the amount of 
fibers depositions on the pattern could be controlled. However, when all electrodes were 
concurrently active, the field strength along the desired region was significantly lower 
resulting in lower yield as observed. 
 
Figure 5.10 Optical micrograph images of PVA electrospun fibers collected at the 




5.4.4 Alignment of Nanofibrous Electrospun Mat 
To see the effects of changing NT for an OT of 3 ms on the alignment of electrospun fibers, 
we collected fibers using three electrodes placed in triangular shape as described in the 
preceding experiment. Four values of NT were investigated, namely 0, 7, 50 and 100. Note 
that NT = 0 implies that all the electrodes are continuously activated. Binary images of the 
electrospun fibers at the mid-point of two adjacent electrodes (between 2 and 3) for various 
NT values are shown in Figures 5.12A, C, E, and G. The corresponding results for 
orientation of fibers with respect to horizontal axis are depicted in Figures 5.12B, D, F, 
and H. Custom made MATLAB codes were employed for the analysis of the images. 
Reference lines at 100 pixel intervals were drawn along the horizontal axis of the images 
and the angles formed between the lines and fibers were measured. Angles ranged from -
90o to 90o with 0o being parallel to the reference line and individual angles were placed 
into data bins of 5o each. The orientations of fibers in the image for each case were 
calculated at about 70 to 250 locations depending upon the fiber deposition density. 
 
Figure 5.11 Normalized deposition density of electrospun fibers for four cases of 
electrode control a) all electrodes active, b) OT is 3 ms and NT is 100 ms, c) OT is 3 




Figure 5.12 Binarized images of electrospun fibers that were collected at the center of 
two adjacent electrodes (between electrodes 2 and 3 of the triangular pattern) for various 
control timing: A) OT is 3 ms and NT is 7 ms, C) OT is 3 ms and NT is 50 ms, E) OT 
is 3 ms and NT is 100 ms, G) all electrodes active. The corresponding statistical analysis 




Close observation of the deposition pattern and alignment for the four switching cases 
discussed earlier, and shown in Figures 5.12, reveals highly oriented electrospun fibers 
for cases when the electrodes are switched i.e when NT is not zero. When all the 
electrodes were active (Fig. 5.12G, N=0), the randomness of deposited fibers increased. 
This can also be explained by the less concentrated electrostatic field strength as 
discussed above. The average diameter of electrospun fibers was around 2.2 µm for all 
cases. 
5.4.5 Controlling the Density of Electrospun Mat 
The deposition density of electrospun fibers plays a key role in tissue morphogenesis [160, 
161]. Xie et al. [162] revealed neuritis growth could be altered in aligned nanofibers, in 
addition to some other parameters, by changing the deposition density of nanofibers. In 
the system that we have developed, the deposition density of the electrospun fibers can be 
easily controlled and it is possible to deposit different amount of fibers at different 
locations by changing the overlap time between two electrodes spanning the desired region 
and by the number of cycles of deposition that a region is subjected to. Figure 5.13 displays 
optical images showing the differences in deposition density of electrospun fibers at 
various sections of the triangular pattern. The OT between electrodes 1 and 2 (Fig. 5.13), 
2 and 3 (Fig. 5.13B), and 3 and 1 (Fig 5.13C) were 2 ms, 3 ms, and 4 ms, respectively. It 
is clear from the images that by controlling the deposition time between adjacent 






Figure 5.13 Optical images of nanofibers showing differences in deposition density at 
various sections of triangular shape pattern for various OT A) 2 ms, in-between 
electrodes 1 and 2, B) 3 ms, in-between electrodes 2 and 3, C) 4 ms, in-between 
electrodes 3 and 1. The deposition time was around 3 s and NT was 50 ms. 
5.4.6 Functionally Graded Deposition 
By employing the number of electrodes and by controlling their switching pattern, we 
elucidated that a great variety of functionally graded architectures can be produced with 
this versatile technique. One schematic of electrodes configurations is shown in Figure 
5.14A where three pairs of electrodes 2 cm apart were placed in a column. The vertical 
separation between each pair of electrodes was 0.5 cm. The voltage potential of electrodes 
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were switched with 3 ms OT and 7 ms NT. The cycling ratios between active electrodes 1 
& 2, 3 & 4, and 5 & 6 were 10, 5, and 2, respectively. The total electrospinning time was 
6.73 s. Optical micrograph images were obtained at the centers of each pair of electrodes 
as shown in Figure 5.14B-D. It is clear from the images that by controlling the deposition 
time between adjacent electrodes, a gradient of electrospun fibers can be acquired into the 
architecture. The average fiber diameter was 1.8 µm. 
Figure 5.14E shows functionally graded nanofibers for various electrospun times but for 
the same cycle ratio of electrodes activation and switching time as described in previous 
section. Optical micrograph images were obtained at three locations between each pair of 
electrodes and characterized the deposition density with a MATLAB image processing 
algorithm developed in house. Data from these images is shown in Figure 5.14E with 
standard error bar. Images were taken in similar manner for each case. To compute the 
total deposition time for each electrospinning experiment a camera was used at its high 
speed setting. It is observed that the ratios of fiber depositions between electrodes 1 & 2, 
3 & 4, and 5 & 61 were 4.1:2.2:1 for a spinning time of 6.73 s; 4.5:2.7:1 for spinning time 
of 5.20 s and 3.5:2.1:1 for spinning time of 4.33 s. Varying the number of cycles in-
between the adjacent active electrodes, the duration of electrostatic field strengths are 
mostly prolonged or condensed on that particular locations. Therefore, the charged 
electrospun fibers generally follow the switching pattern, resulting in various deposition 







Figure 5.14 Optical images showing the packing density of electrospun nanofibers at 
different locations due to changing activation times of electrode pairs. The activation 
times are in a ratio of 10:5:2 between electrode pairs 1&2; 3&4, 5&6 and the deposition 
image in between them are shown in figures B, C, and D, respectively. (E) Functionally 
graded deposition of nanofibers for different electrospun timing t = 6.73 s, t = 5.2 s, and 
t = 4.33 s. (F) Effects of changing the activation cycling ratios on deposition densities. 
The activation times are in a ratio of A) 4:3:2, B) 2:4:8, C) 2:5:2, and D) 5:2:5 between 
electrode pairs 1&2, 3&4, and 5&6. (G) Pictorial view of functionally graded deposition 




Figure 5.14F shows four cases of functionally graded nanofibers which were accumulated 
by controlling the number of cycles between electrode pairs at different locations. In all 
cases, the electrode activation and switching time were 3 ms OT and 7 ms NT and total 
electrospinning time was between 4 s to 6 s. The activation cycles among the three pairs 
of electrodes were controlled to provide deposition time ratios of A) 4:3:2, B) 2:4:8, C) 
2:5:2, and D) 5:2:5; between electrodes 1st and 2nd, 3rd and 4th, and 5th and 6th, respectively. 
The results of deposited fibers are summarized in Table 1. It is seen that the fibers 
deposition varies at designated locations based on the control of activated electrodes 
cycle’s ratios. In case A, maximum deposition of electrospun fibers was observed at Y=0 
cm and minimum at Y=1 cm, whereas for case B, the maximum and minimum deposition 
of fibers were at Y=1 cm and Y=0 cm, respectively as desired. Similarly, at Y=0.5 cm 
location, the density of fibers was maximum in case C and it was reversed for case D 
following the programmed activation cycle ratios of electrodes. Therefore, it is possible to 
acquire various packing density as well as porosity of fibers into the electrospun mats as 
desired with this technique. 
Figure 5.14G shows an image of functionally graded scaffolds obtained after one minute 
deposition of electrospun fibers. The operating conditions of electrospinning were exactly 
same as that were used to produce Figure 5.14A except electrospinning time. It is clear 
from this image that with longer deposition time of electrospinning it is possible to obtain 
more dense functionally graded scaffolds. However, for characterization purpose using 
automated image analysis algorithms we collected fibers for shorter period of time. 
5.4.7 Various Patterns of Deposited Electrospun Fibers 
We demonstrated that it is possible to accrue electrospun fibers as a random, uniaxial 
aligned or multi-directional mats into the patterned architectures with our versatile method. 
When a single conductive electrode was used, the system behaves like a typical 
electrospinning setup and electrospun fibers were collected as random or nonwoven form 
(shown in Figure 5.15A). The polymer jet travels toward planar counter electrodes in a 
complicated three-dimensional ‘‘whipping’’ action caused by bending instability which is 
composed in literature [39, 163]. For depositing uniaxial aligned fibers displayed in Figure 
83 
 
5.15B, the single electrode is replaced by a pair of electrodes separated by an air gap. Then, 
the voltage potential of electrodes were switched with 3 ms OT and 50 ms NT. The 
electrostatic forces acting on the electrospun fibers attract the fibers toward the active 
electrode and by switching them at a very fast pace, the charged fibers can be moved from 
one location to another. As a result, highly ordered electrospun fibers can be deposited in 
designated areas. Applying similar approach and using multiple electrodes, the aligned 
fibers can be stacked into various directional multilayered mats. Figure 5.15C-E show bi-
directional, tri-directional, and tetra-directional meshes of electrospun fibers when four, 
six, and eight electrodes were employed, respectively. The Figures also show the 
configuration of electrodes and the locations where the images were taken. For producing 
bi-directional mats, the high voltage potential was exchanged between two active 
electrodes with 3 ms OT and 50 ms NT. The cycle of active electrodes progressed in a 
clockwise direction following the switching sequence of 1-2-3-4-1. Hence, electrospun 
fibers were deposited at the center of designed outline in a bi-directional pattern following 
the direction of switching array executed by the control program. Similarly, tri-directional 
and tetra-directional aligned mats can also be fabricated by arranging the electrodes 
configuration and controlling the switching sequence of voltage potential of the collection 
electrodes. 
5.4.8 Numerical Simulation Results 
In order to simulate the electrical field distribution of our advanced electrospinning 
system, we broke down the electrodes switching system into two parts to simplify the FE 
analysis. From Figure 5.7b, it is clear that there are two steps of control timing for driving 
the electrodes. One is when both electrodes are active called overlap time (OT) and another 
is only individual electrode is active known as net time (NT). Therefore, we conducted 





Figure 5.15 Optical images demonstration control of electrospun fiber depositions and 
alignments A) random, B) uniaxial aligned, C) bi-directional, D) tri-directional, and E) 
tetra-directional mats using different electrode configurations. The inset in each image 





Figure 5.16 shows the electrical fields developed at various locations of electrospinning 
setup when both electrodes were active during OT. A two-dimensional electrical field 
strength developed on the front face of electrodes is plotted in Figure 5.16A. It is seen that 
the electrical field strengths are equally distributed between the electrodes. Three-
dimensional electrical field strengths at various positions and field strength stream lines 
are presented in Figure 5.16B & C. Figure 5.16D displays the electrical field strength alone 
the path drawn from needle tip to one of the electrodes. The electrical field is much 
stronger near the needle followed by sharp dropped to almost zero after a short distance. 
The field strength again increases near the electrodes. Figure 5.16E shows the electrical 
field strength between two parallel electrodes which were placed 15 cm apart. The higher 
electrical field strengths towards the electrodes might be beneficial for stretching and 
orientation of fiber. 
During NT of control timing for driving electrodes, only one electrode is active. Therefore, 
in this simulation we placed zero voltage potential to one electrode keeping other electrode 
inactive. In this case, electrical field strength moved to the active electrode (shown in Fig. 
5.17A). During the NT time, the developed electrical field strength is much higher (Fig. 
5.17A) than that of developed on the OT time (Fig. 5.16A). Therefore, it can be 
hypothesized that fiber may deposit on one electrode face during this NT time. Three-
dimensional electrical field strengths at various positions (Fig. 5.17B) and field strength 
stream lines (Fig. 5.17C) for NT are also comparable with that obtained during OT time. 
Figure 5.17D & E present the electrical field strength along the path drawn from the needle 
tip to the active electrode and between two parallel electrodes, respectively. These results 
also emphasized the previous finding. 
Hence, it can be predicted from these FE analyses that electrospun fiber may deposit on 
one active electrode during NT whereas, during OT, fibers will tend to deposit in-between 
the electrodes. Therefore, by controlling the electrodes at a very fast pace, fibers could be 
moved from one location to another. As a result, electrospun fibers can be deposited in 




Figure 5.16 (A) 2D plot of electrical field strength on the electrodes face. Electrical 
field strength showing at three locations (B), electrical field stream lines (C), between 




Figure 5.17 (A) 2D plot of electrical field strength on the electrodes face for one 
electrode active. Electrical field strength showing at three locations (B), electrical field 




5.4.9 Effect of Varying Electrode Gap 
Several groups have reported that the alignment of the nanofibers improves with the 
increasing gap size between two grounded parallel plates being used for depositing aligned 
fibers in electrospinning method [20, 164]. In this study, the effect of varying the gap 
between two adjacent collector electrodes on the fiber diameter and the alignment of 
electrospun fiber were investigated. The distance between the electrodes was varied from 
1.0 cm to 3.0 cm keeping the needle and the electrode separation constant at 6 cm. The 
electrode activation and switching time were 3 ms OT and 50 ms NT and total time of 
electrospinning was around 3 s. The optical micrograph images are shown in Fig. 5.18. It 
is seen that all the electrospun fibers were aligned with respect to horizontal axis except a 
slight distortion observed when electrodes were placed at 1 cm apart from each other which 
is similar to other researcher’s finding [164]. At 1 cm electrodes gap, some distortions 
might occur due to the low electrical field generated, under which the electrostatic 
repulsive forces were not strong enough to make them completely aligned. The alignment 
of electrospun PVA fibers are summarized on Table 5.1. The minimum standard deviation 
was observed at 1.5 cm gap followed by 2.0, 3.0, 2.5, and 1.0 cm electrodes gap. The 
effects of gap between two adjacent electrodes on the diameter of electrospun PVA fibers 
are displayed in Fig. 5.19. The diameter of the electrospun fibers initially decreased with 
increasing gap, reached a minimum at a gap of 2 cm and then increased slightly again. 
This phenomena can be explained by changes in the electrical field strength acting on the 
electrodes.  
To understand the effect of gap distance between electrodes on electrospun fiber 
morphology, we conducted electrostatics FE analysis. The input parameters such as 
materials properties and boundary conditions were similar to experimental works. Figure 
5.20 demonstrates the calculated electrical field strength for various gaps between two 
adjacent electrodes. It is seen that the field strengths were comparatively low up to 1.5 cm 
electrodes gap followed by the maximum field strength for 2.0 cm electrodes gap. The 
field strengths for 2.5 and 3.0 cm electrodes gap were slightly lower than 2.0 cm but higher 
than 1.0 and 1.5 cm. These results correlate well with experimental findings. We found the 
thinnest fiber diameter for 2.0 cm separation of electrodes where electrical field strength 
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was maximum. For 1.0 and 1.5 cm electrodes gap distance, the electrical field showed 
lowest and almost similar magnitude. These behaviors also observed in the experiments 
for producing thicker electrospun fiber diameters. Similarly, for 2.5 cm and 3.0 cm 
separation of electrodes, the electrical field strengths were in the moderate ranges, 
therefore, electrospun fibers were also in the middle range. Higher electrical field favors 
production of thinner fiber and vice versa when solution and processing parameters of 
electrospinning kept constant. 
The voltage potential is one of the crucial parameters in electrospinning which governs the 
electrical field strength along with the distance between needle and collector. Lui and 
Dzenis [164] showed that the electrical field strength increases with increases of gap size 
between two parallel plates. Because of lower electrical field strength at smaller gap, the 
electrostatic forces acting on the fiber jet are not strong enough to stretch out the fiber fully 
which reduces the stretching effect and yields a thicker fiber diameter [93, 165]. In 
contrast, increasing the gap between the electrodes increases the electrical field strength 
and induces higher electrostatic forces on the fiber jet which favors the formation of 
thinner fibers. Further increase in the strength of electrical field increases the material flow 
leading to thicker fibers [88].  
Hence, electrical field strength has a very strong correlation with fiber morphology in 




Figure 5.18 Optical micrograph images of electrospun PVA fibers for gap between two 





Figure 5.19 Effects of gap between two adjacent electrodes on the diameter of 
electrospun PVA fibers. 
 
Table 5. 1 Effects of angle due to variation of gap between two adjacent 
electrodes of electrospun PVA fibers. 
Electrodes gap Mean angle with respect to 
horizontal axis 
1.0 cm -1.29 ± 5.93 
1.5 cm 0.82 ± 2.36 
2.0 cm 0.93 ± 2.85 
2.5 cm  1.85 ± 4.81 






Figure 5. 20 The electrical field strength for various gaps between two adjacent 
electrodes calculated by FE analysis. 
 
5.4.10 Effect of Electrode Size 
The effect of electrodes size was investigated in this study. Three different circular 
electrodes 0.8 mm, 1.6 mm, and 2.6 mm of diameter were chosen. Two adjacent electrodes 
were placed horizontally 1.5 cm apart. A 10 KV high voltage was applied at the needle tip 
of the syringe where 12 wt % PVA solution was extruded at a rate of 200 µL/h. The 
electrode activation and switching times were 3 ms OT and 50 ms NT and total time of 
electrospinning was around 3 s. The gap between needle tip and collector electrodes was 
8 cm. The optical micrograph images are shown in Figure 5.21A - C. The corresponding 
fiber diameter distributions are presented in Figure 5.21D-F. The average fiber diameter 
is found to be 1.8 µm with 0.8 mm diameter of electrodes. The fiber diameter reduced to 
1.3 µm when 1.6 mm electrodes were used. Fiber diameter again increased to 1.6 µm with 
the increase of electrodes diameter to 2.6 mm. The orientation of electrospun fibers is 
shown in Figure 5.21G – I. It is seen that the alignment of fibers improved with increased 
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electrode diameter. This phenomena can be explained with the electrical field distribution 
as shown in Figure 5.22. 
 
Figure 5.21 Optical micrograph images of electrospun PVA fibers collected on different 
electrodes diameter (A) 0.8 mm, (B) 1.6 mm, and (C) 2.6 mm. The corresponding fiber 
diameter distribution (D – F), and fiber orientation (G – I), respectively.  
The FE results show that electrical field strength is very high for 0.8 mm diameter of 
electrodes. Therefore, it can be concluded that the jet from Taylor cone move fast and at 
the same time it drew more materials when 0.8 mm diameter electrode was used. Hence, 
the electrospun fiber diameters and the alignment obtained by 0.8 mm diameter of 
electrodes were not satisfactory. The electrical field strength dropped as the surface area 
of electrode face increased. For that reason, the electrospun fiber morphology and 
orientation improved when 1.6 mm and 2.6 mm diameter electrodes were used. However, 
94 
 
insufficient electrical field may causes thicker fiber diameter as they cannot stretch out 
fully by the deficiency of electrostatic force which is reflected in our experimental results. 
 
 






Chapter 6 Nanocomposites 
6.1 Introduction 
One dimensional nanofibrous structures are found to be of great potential because of their 
inherent properties such as high surface-to-volume ratio, tunable porosity, and desired 
functional properties [25, 26, 160, 166]. The functionality and applicability of these 
structures can be further enhanced by incorporating a secondary phase. Advanced 
reinforced composites with fillers and with the reduction of their size, from microscale to 
nanoscale, can exhibit enhanced structural properties including high strength to weight 
ratios and high modulus. Electrospinning [149, 167], in situ polymerization [168], Solvent 
casting [169], and melt mixing [170], are important methods for the fabrication of 
nanocomposites. Electrospinning has been adopted as a simple, versatile, and economical 
technique that is capable of fabricating ultrafine fibers from a rich variety of materials. 
With the aid of electrospinning nanocomposite can be developed when nanoadditives such 
as nanoclays, carbon nanotubes, titanium dioxide, etc, are added to the polymer solution. 
Polymeric nanocomposites are of significant interest because of their outstanding end use 
applications. Zhou et al.[171] have studied with electrospun cellulose nanocrystals (CNC) 
reinforcing maleic anhydride grafted PLA bio-nanocomposite scaffolds and showed that 
adding 5 wt % CNC improved the tensile strength up to 10 MPa. Similarly, it is reported 
that inclusion of cellulose nanofibers in PVA improved the mechanical properties as well 
as thermal properties [172-175]. Zhang and co-workers [176] found that the introduction 
of TiO2 into PLA has improved the thermal stability, toughness, and UV resistance of 
nanocomposites. A number of research groups developed carbon nanotubes polymer 
nanocomposites and claimed that composites with carbon nanotubes carried higher 
mechanical strength and stiffness and higher electrical and thermal conductive properties 
[177-180]. 
Wollastonite is considered as a promising reinforcement for thermoplastic composites 
because of their high aspect ratio and excellent inherent properties. A large number of 
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studies have been carried out using wollastonite fillers by conventional methods such as 
compression molding and injection molding [181-183]. The mechanical properties [184], 
thermal properties [185], and rheological behavior [184] were investigated.  
Wood flour have also been used as effective reinforcement material as it carries various 
advantages including low cost, availability in abundance, low abrasiveness, high specific 
strength & stiffness, biodegradability and relatively low density [186, 187]. Mechanical 
properties of PLA composites filled with a mixture of softwood or hardwood floor have 
been focused in the literature [188, 189]. Thermal and mechanical characteristics of 
poly(vinyl alcohol) modified by phthalic anhydride (PA) compounded with the wood flour 
in hot press have been studied by Ozaki et al [190].  
In many applications, for example filtration, it is required to have high mechanical strength 
on the electrospun nanofiber membranes [191]. The agglomeration of nano-additives 
which prevents good filler dispersion in the matrix, is the biggest barrier in order to 
develop the high potential applicable advanced nanocomposite. Although a number of 
research groups have investigated the improvement in the functional properties of 
nanoadditive based composite [1, 10, 172, 192]. The performance of electrospun fibrous 
nanocomposite needs to be investigated further. Therefore, in this study, we focus on 
introducing various micro/nano additives such as wollastonite, and wood flour in 
electrospun PVA nanofibers. Fibrous PVA nanocomposites consisting of wollastonite or 
wood flour were fabricated using electrospinning method. Morphological, mechanical, and 
thermal properties of nanocomposite scaffolds were investigated.  
6.2 Experimental 
6.2.1 Materials  
Wollastonite: Wollastonite is a white calcium silicate (CaSiO3) mineral product of various 
inorganic components. The main two components of wollastonite are calcium (Ca) and 
silicon dioxide (SiO2). Pure wollastonite is bright white but it can be gray, brown, green 
or red based on amount of impurities in it. Needle shaped wollastonites are prepared in 
industries by crushing them from a big chunk. The chemical compositions of wollastonite 
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520U supplied by Fibertec, USA, are listed in Table 6.1. The average diameter, aspect 
ratio, and specific gravity of wollastonite used in this study is 5 microns, 20, and 2.9, 
respectively.  
The amount of volatile material (gas) that is removed from wollastonite by heating at 
1,000°C is called Loss on Ignition (LOI). The lower value of LOI reduces problems of gas 
bubble entrapment and gas scattering during the firing of ceramics resulting in lowered 
firing costs, and reduces firing time. 
Reinforced wollastonite can improve the mechanical properties (tensile, flexural, impact), 
minimize distortion at elevated temperatures, improve dimensional stability, and provide 
low moisture absorption of the composite materials [184].  
Table 6.1 Chemical compositions of wollastonite 520U 
Component CaO SiO2 Fe2O3 Al2O3 MgO L.O.I* 
Weight % 45.7 52.2 0.15 0.25 0.20 0.50 
*Losing percent of quantity after burning 
 
Wood flour: Wood flour also referred as wood fiber is a finely ground wood cellulose 
produced from dry wood waste by various types of grinders. All high grade (high durability 
and high strength) wood flour is produced from hardwoods and low grade wood flour 
comes from softwoods. Wood pulverization method can be divided into two types, such 
as wet and dry pulverization. Dry pulverization is suitable for industrial applications where 
the size of wood floors are more than 100 µm. In wet pulverization, the wood floors are 
less than 100 µm in size. Moreover, wood can be pulverized along the direction of fiber in 
higher water content media, leading to a fibrous wood floor [193]. The size and shape of 
the wood flour greatly affects the performance of the composite materials [194].  
The wood floor that was used in this study was purchased from the American wood fibers 
company (USA).  
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6.2.2 Fabrication of Nanofibrous Composite Mats 
PVA was dissolved in distilled water by continuous magnetic stirring for four hours using 
a hot plate at 70 oC. After that, wollastonite were added to the aqueous PVA solution in 
order to produce composites with 5, 10, 15, and 20 wt % wollastonite. Prior to that, 
wollastonite was filtered with 106 µm standard test sieve (Gilson company, Inc., USA) to 
remove agglomeration. The total concentration of PVA/wollastonite was fixed at 12 wt %. 
Stirring was continued for three hours at room temperature. Then, aqueous composite 
solution was immediately loaded into the plastic syringe which was pumped through the 
needle tip (0.51 mm inner diameter) with the flow rate of 500 µL/h. A 20 KV high voltage 
was applied to the needle tip and the collector electrodes which were kept a 10 cm apart. 
The electrospun fibers were collected on a rotating drum with 1000 rpm. The electrospun 
fibrous scaffolds were dried at 40 oC for 12 h. PVA/wood flour nanocomposites were also 
prepared following the same steps as described for PVA/wollastonite nanocomposites 
6.2.3 Characterization 
Scanning Electron Microscopy (SEM) 
The surface morphologies of electrospun fibers were examined using an SEM (JSM 6060) 
operated at 5 kV. Prior to examination, all the samples were sputter-coated with a thin 
layer of platinum. 
Digital Optical Microscope (DOM) 
Digital optical microscopy (DOM) (VHX – 1000E, Keyence) was employed to determine 
surface morphologies, fiber diameter, and thickness of electrospun mats. Custom 
MATLAB image processing algorithm was developed to calculate the fiber diameter from 
DOM image. 
X-ray Computed Tomography (XCT) 
X-ray computed tomography (XCT), a nondestructive method, computes 3D information 
of inner structure of tested sample. PVA and PVA/Wollastonite nanofibrous composite 
were scanned using high resolution x-ray micro computed tomography (Skyscan 1172, 
Brucker) with a resolution of 2.5 µm. The voltage and current at the micro-focus tube were 
20 kV and 104 µA, respectively. The specimen was rotated at 0.2 degree on a rotary stage 
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between the x-ray tube and the matrix detector where an average of six projection images 
were taken at each angular position. A 3D image was mathematically reconstructed from 
these projection images.  
Fourier Transform Infrared Spectroscopy (FTIR)  
The presence of chemical composition of wollastonite into the PVA/wollastonite 
nanofibrous composite was confirmed by using a Bruker FTIR spectrometer. All spectra 
were acquired with a resolution of 2 cm-1 after 64 continuous scans. 
Rheology 
Dynamic viscoelastic properties of PVA and its composites solution were evaluated on an 
ARES rheometer (TA instruments). A dynamic frequency sweep (stain control) test was 
carried out by running a sinusoidal shear strain profile γ = γo sin(ωt) at an amplitude γo of 
0.001 and an angular frequency ω, ranged from 0.01 to 100 rad/s. All experiments were 
performed using 25 mm parallel plate with gap of 1 mm at 25 oC temperature.  
Dynamic Mechanical Analysis (DMA) 
Tensile strength tests of nanofibrous mats were performed using dynamic mechanical 
analysis (DMA) Q800 (TA instruments) at 25 oC with a force ramp of 0.5 N min-1. Samples 
were cut using razor blade with a width of 6.5 mm; thickness were measured under optical 
microscope and gauge lengths of the sample were evaluated by the instrument directly. 
The average thickness measured for all the electrospun scaffolds was in the range of 40 to 
60 µm. As the samples were soft and flexible, therefore, both ends of tested sample were 
covered with the scotch tape to distribute the load uniformly along the sample. The sample 
was then loaded to the film tension clamp where the maximum force was set at 18 N with 
an initial preload force of 0.05 N. The data reported are the average of five observations. 
From the test results, Young’s modulus (E), tensile strength (σt), and elongation at break 
(εb) were evaluated.  
Differential Scanning Calorimeters (DSC)  
The thermal properties of nanofibrous mats were investigated with the help of differential 
scanning calorimeters Q20 (TA instruments). The specimens were heated from room 
temperature to 200 oC at a heating rate of 10 oC min-1 and held for 5 minutes to remove 
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any prior thermal history. Then, the specimens cooled at a rate of 10 oC min-1 up to 40 oC. 
Finally, the thermal data was collected reheating the sample from 40 oC to 200 oC at 10 oC 
min-1. 
Thermogravimetric Analyzer (TGA) 
The thermal stability of electrospun nanofibrous mats was evaluated by thermogravimetric 
analyzer Q50 (TA instruments) from room temperature to 600 oC at a heating rate of 10 
oC min-1 under nitrogen atmosphere. Approximately 3.5 mg of nanofibrous scaffolds were 
used for each test. 
6.3 Results and Discussion 
6.3.1 PVA/Wollastonite Fibrous Nanocomposite 
6.3.1.1 Surface Morphology 
Raw wollastonite and the dispersion of wollastonite in the polymer solution are displayed 
in Figure 6.1. Figure 6.2 present the surface morphology of PVA and PVA/Wollastonite 
fibrous nanocomposites. The DOM and SEM micrographs provide significant information 
about the distribution of fillers into the matrix. Examining these images, it is clearly seen 
that reinforced wollastonite were embedded in the PVA matrix. Wollastonite particles 
which were smaller than electrospun fibers, were completely enclosed within the fibers 
whereas larger particles were adhered to the matrix. Most of the wollastonite rods were 
laid along the fiber direction. The reason for this is when composite solution was extruded 
through a very narrow needle during electrospinning, the wollastonite rods acquired 
alignment because of tremendous high shear forces developed between the inner surface 
of the needle and the solution. In addition, it is obvious from SEM images (Fig. 6.2b and 
6.2c) that electrospun fibers of PVA were more uniform and smooth compared to 
PVA/wollastonite composite. Adding wollastonite to the PVA solution reduced the 
viscosity of the solution which is shown in the rheology section. Both viscosity and surface 






Figure 6.1 DOM micrographs of dry wollastonite (a), and dispersion of wollastonite 






Figure 6.2 (a) DOM micrograph of PVA nanocomposite with 15 wt% wollastonite 
and SEM images of (b) pure PVA, (c) 15 wt % wollastonite nanocomposite. 
103 
 
Two-dimensional shadow projection image (SPI) and 3D maximum projection images 
(MPI) are shown in Figure 6.3 in order to differentiate PVA and PVA/Wollastonite fibrous 
nanocomposite. High resolution XCT was able to distinguish wollastonite particle-
reinforced PVA composite because of their density difference. Moreover, by using quite 
low x-ray voltage of 20 kV and the performance of the XCT device, contrast and spatial 
resolutions, it was possible to segregate features of PVA and wollastonite particles. From 
SPI (Fig. 6.3a), it is clear that the reinforced wollastonite particles are evenly distributed 
in the matrix without making any agglomeration. Also the PVA nanofibrous mat appears 
very neat and smooth (Fig. 6.3b). Similar findings were observed in the 3D MPI (shown 
in Fig. 6.3 c and d) where particles of wollastonite are seen to be adhered together in the 
matrix materials.  
FTIR spectra of nanofibrous PVA and PVA/Wollastonite (20 wt%) composite are 
illustrated in Figure 6.4. Compared with PVA nanofibrous mat, the PVA/wollastonite 
nanofibrous composite shows few additional absorbance peaks in the spectrum at 900, 
643, 568, 505, and 450 cm-1, which could be attributed OH deformation linked to 2Al3-, 
Si-O-Si bond bending, Fe-O stretching, O-Si-O bending, and Ca-O stretching, 
respectively [184, 195]. These results clearly pointed to the presence of wollastonite on 
the electrospun nanocomposite fibers. 
6.3.1.2 Fiber Diameter 
Fiber diameter of PVA and its composites was characterized by using custom made 
MATLAB algorithm. The average fiber diameter with standard deviation is summarized 
in Table 6.2. The fiber diameter of PVA is slightly higher as compared to 
PVA/Wollastonite composite fibers. The thinnest fiber diameter was observed for loading 
5 wt% of wollastonite into the composite materials followed by 20, 10 and 15 wt% of 
wollastonite. Since all the processing parameters of electrospinning remained same 
except solution viscosity, it is emphasized that the solution viscosity plays an important 





Figure 6.3 SP images of PVA/wollastonite nanocomposite (a), PVA mat (b), and 3D 
MPI images of PVA/wollastonite (c), PVA mat (d). 
 




Figure 6.5 shows the rheological properties of PVA solution comprising various amount 
of wollastonite. It is noted that all of the samples showed similar rheological behaviors. 
The dynamic viscosity decreased linearly with increased frequency indicating non-
Newtonian flow behavior and distinct shear thinning over the range of frequencies. The 
dynamic viscosity for pure PVA solution is higher than the samples with wollastonite 
reinforced composites at all frequencies. We kept the overall solution concentration of 
pure PVA and PVA/wollastonite composite at 12 wt%. Therefore, the moleculer chains of 
PVA were quantitively higher in PVA solution resulted higher viscosity compared to 
composite solution. PVA solution having 5 wt % wollastonite has the lowest viscosity as 
it contained the smallest amount of reinforcement materials followed by 10, 15, and 20 wt 
% of wollastonite composites which is very common phenomena for short fiber reinforced 
composites [196]. Shear viscocity increased with the addition of fillers showing the 
constraint exerted by of the wollastonite particles on the motions of PVA molecular chains. 
Table 6.2 Fiber diameter of PVA and PVA/Wollastonite nanocomposites 
with different weight fractions. 
Materials  Diameter 
(µm) 
Pure PVA   1.186 ± 0.21 
PVA + 5 % Wollastonite  0.891 ± 0.16 
PVA + 10% Wollastonite  1.06 ± 0.28 
PVA + 15% Wollastonite  1.09 ± 0.16 





6.3.1.4 Mechanical Properties 
Tensile Tests 
A typical stress-strain curve of nanofibrous PVA and its composites is illustrated in Figure 
6.6 and the summary of tensile characteristics of the samples under tensile tests are 
depicted in Table 6.3. 
It is shown that the tensile strength increased significantly after adding small amount (5 
wt %) of wollastonite in PVA_5 wollastonite sample. Tensile strength of PVA and PVA_5 
wollastonite were 3.92 and 5.12 MPa, respectively, shows 31 % improvement over PVA 
mat. Likewise, 85 %, 183 %, and 206 % increment of tensile strengths were observed in 
PVA_10 wollastonite (7.25 MPa), PVA_15 wollastonite (11.09 MPa), and PVA_20 
wollastonite (11.99 MPa) sample, respectively, compared to PVA. These improvements 
indicate good dispersion of particles in the matrix as well as strong adhesion between 
matrix and fillers which leads to superior load transfer from the matrix to reinforcement.  
 
Figure 6.5 Dynamic viscosity curves of PVA and PVA/wollastonite composites 
solution 
Similar trend was noticed in the tensile modulus of PVA/Wollastonite samples. The 
addition of wollastonite in the matrix yielded stiffer composite than that of PVA sample. 
PVA_20 wollastonite exhibited the highest tensile modulus (198 MPa) as it composed 
107 
 
maximum amount of reinforcement (20 wt %). In this case, tensile modulus improved by 
138 % as compared to PVA (83.27 MPa). Similarly, for PVA_5 wollastonite, PVA_10 
wollastonite, and PVA_15 wollastonite composites, progress of stiffness were 17 %, 48 
%, and 134 %, respectively.  
On the other hand, the elongation at break of nanofibrous PVA/Wollastonite composite 
reduced significantly compared to PVA scaffolds showing good adhesion and dispersion 
of reinforcement to the matrix. Nanofibrous PVA mat showed elongation at break of 59 
%, whereas, adding 5 wt % reinforcement resulted 43 % of elongation. Further increasing 
the concentration of reinforcement to the matrix led to even more decrease in deformation 
to as low as 19 % for 20 wt % reinforced PVA composite.  
 
Figure 6.6 Typical tensile stress-strain curve of PVA scaffolds and its composites 
 
6.3.1.5 Thermal Properties 
Thermal properties of electrospun PVA/Wollastonite nanofibrous composites were 
investigated using TGA and DSC and a comparison was made with PVA nanofibers. 
Figure 6.7 depicts the TGA and DTGA curves of PVA/Wollastonite nanocomposites 
containing 0, 5, 10, 15, and 20 wt % of wollastonite. The summery of these results are 
exhibited in Table 6.4. It is shown that the shape of the curves are almost similar showing 
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more or less same decomposition and onset temperature. Therefore, incorporation of 
wollastonite particles does not alter the degradation mechanism as well as thermal stability 
of PVA. It is also seen that the residue of PVA/wollastonite composites gradually 
increased with increased wollastonite content, indicating homogeneous distribution of 
wollastonite in the composite. 
 










PVA  3.92 ± 0.39 83.27 ± 9.60 58.59 ± 21.88 
PVA + 5 % Wollastonite 5.12 ± 0.67 97.59 ± 27.21 42.79 ± 8.51 
PVA + 10 % Wollastonite 7.25 ± 0.59 122.95 ± 65.04 37.24 ± 4.78 
PVA + 15 % Wollastonite 11.09 ± 1.08 194.72 ± 25.04 27.6 ± 2.12 
PVA + 20 % Wollastonite 11.99 ± 0.97 198.58 ± 31.87 19.34 ± 5.35 
 
DSC measurements of PVA nanofibrous composites with different loading amounts of 
wollastonite particles are displayed in Figure 6.8 and Table 6.5. It is seen that there were 
no obvious changes in the glass transition temperature (Tg) with increased wollastonite 
contents to the PVA/Wollastonite composites. The melting temperature (Tm) of the 
samples was calculated from the maximum peaks of exothermic DSC thermographs. A 
slight decrease was observed in Tm, from 167.4 
oC for pure PVA nanofibers to 162.7, 
162.4, 160.7, and 162.1 oC for nanofibrous composites having 5, 10, 15, and 20 wt % of 
wollastonite, respectively. This phenomena might have occurred because inclusion of 
wollastonite particles may act as nucleates for PVA crystallization which accelerate the 
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PVA  281.31 4.47 315.30 
PVA + 5 % Wollastonite 282.88  7.33 312.30 
PVA + 10 % Wollastonite 282.22 8.78 307.32 
PVA + 15 % Wollastonite 276.22 10.48 310.25 
PVA + 20 % Wollastonite 286.07 13.18 314.81 
 
 






Table 6.5 Summary of DSC results of PVA and its nanocomposites with 
wollastonite 
Materials        Tg 
     (°C) 
    Tm 
    (°C) 
Pure PVA   70.64 167.4 
PVA + 5 % Wollastonite  70.21 162.70 
PVA + 10% Wollastonite  70.82 162.39 
PVA + 15% Wollastonite  70.57 160.74 
PVA + 20% Wollastonite  70.61 162.11 
 
6.3.2 PVA/Wood Flour Fibrous Nanocomposite 
6.3.2.1 Surface Morphology 
Raw wood flour and aqueous composite solution reinforced with wood flour are shown in 
Figure 6.9. The optical image (Fig. 6.9B) demonstrates that the wood flour dispersed 
homogeneously throughout the aqueous PVA solution without agglomeration.  
Surface morphology of pure PVA and PVA/Wood flour nanocomposite is presented in 
Figure 6.10. Both the DOM and SEM image show the filler distribution in the PVA matrix. 
Majority of the wood flour are fully embedded by the PVA materials whereas, the large 
wood fillers compared to fiber diameter are also adhered to the polymers making beads on 
the fiber surface. These results indicate that nanofibrous composites are possible to be 
developed by electrospinning method even with larger particle filler materials compared 





Figure 6.9 Optical micrographs of raw wood (A), and dispersion of wood flour in PVA 













Fiber diameters of PVA and PVA/Wood flour nanocomposites were calculated using 
custom made MATLAB algorithm from optical micrograph images. The optical image of 
electrospun pure PVA nanofibers and its frequency chart of diameter are presented in 
Figure 6.11A & F, respectively. Figure 6.11B-E depict optical images of 5, 10 15, and 20 
wt% of wood flour reinforced PVA nanocomposites and their corresponding fiber 
diameter distribution charts are displayed in Fig. 6.11G-J, respectively. The average fiber 
diameter of different nanocomposites are summarized in Table 6.6. The addition of the 
wood flour increased the average fiber diameter as compared to the pure PVA nanofiber 
although they lie in the error ranges of PVA nanofibers.  
Table 6.6 Fiber diameter of PVA and PVA/wood flour nanocomposites. 
Materials Diameter 
(µm) 
Pure PVA 1.186 
PVA + 5 % Wood flour 1.167 
PVA + 10% Wood flour 1.258 
PVA + 15% Wood flour 1.291 








Figure 6.11 Optical micrograph images of pure PVA nanofiber (A), and 5 wt% (B), 10 
wt% (C), 15 wt% (D), 20 wt% (E), of wood flour reinforced PVA nanocomposites. Their 
corresponding fiber diameter distribution chats (from F to J) are shown, respectively. 
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6.3.2.2 Mechanical Properties 
Tensile Tests 
Figure 6.12 shows the stress-strain curves of pure PVA and PVA/Wood flour fibrous 
nanocomposite. The tensile strength, Young’s modulus and elongation at break are listed 
in the Table 6.7. As compared to the tensile strength of pure PVA (3.92 MPa), 5 wt % 
addition of wood flour increased the tensile strength by 45 % to 5.69 MPa. The tensile 
strength for PVA + 10 % and PVA + 15 % wood flour nanocomposites show 67 % and 
86 % improvement respectively. A significant improvement is observed in the tensile 
strength of PVA + 20 % wood flour nanocomposite (228 %) as compared to pure PVA. 
The improvement of tensile strength of the PVA/wood nanocomposites indicate the 
presence of wood flour in the composites and the superior ability to transfer load from 
matrix to filler materials.  
 
 















PVA  3.92 ± 0.39 83.27 ± 9.60 58.59 ± 21.88 
PVA + 5 % Wood 5.69 ± 1.09 100.96 ± 30.60 46.89 ± 7.86 
PVA + 10 % Wood 6.55 ± 0.57 157.87 ± 10.92 23.10 ± 4.88 
PVA + 15 % Wood 7.3 ± 0.21 153.4 ± 9.84 25.65 ± 11.92 
PVA + 20 % Wood 12.87 ± 1.73 214.13 ± 42.12 15.41 ± 8.35 
 
A significant improvement in Young’s modulus thus stiffer nanofibers were observed from 
the steeper slopes of all the PVA/wood flour nanocomposite as compared to pure PVA 
nanofibers. Similar trend is also observed in tensile strength of composite materials. 21 %, 
90 %, 84 %, and 157 % improvements were achieved in Young’s modulus when PVA 
nanofibers were reinforced with 5 %, 10 %, 15 %, and 20 % wood flour, as compared to 
PVA scaffolds. These results further emphasized the uniform distribution of filler 
materials and exchange of load from matrix to reinforcement materials. 
In contrast, a decreasing trend was observed in the elongation at break of PVA/wood flour 
nanocomposite as compared to pure PVA mat. The remarkable decrease in the elongation 
at break observed as 58.59 % for pure PVA to 15.41 % for PVA + 20 % wood flour 
nanocomposite. The large aspect ratio of wood flour and the interaction between the wood 
flour and PVA which restricts the polymer chain’s movement thus limits mechanical 
deformation can be considered as the main reasons for reduced ductility.  
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6.3.2.3 Thermal Properties 
The TGA and the differential TG (DTG) curves are depicted in the Figures 6.13 (a) & 6.13 
(b), respectively, in order to investigate the thermal properties of PVA/Wood flour 
nanocomposites. Onset temperature, maximum thermal decomposition temperature and 
char yield is shown in Table 6.8. A single step decomposition observed in PVA scaffold 
as well as its composite materials pointing there were no chemical bonds created with the 
addition of wood. Only strong adhesion is occurred between the PVA matrix materials and 
wood flour reinforcement materials. The onset and degradation temperatures of all the 
nanocomposite slightly dropped as compared to the value for the neat PVA. Therefore, the 
thermal stability of nanocomposites did not undergo any noticeable change with the 
addition of wood floor.  
DSC measurements of PVA nanofibrous composites containing 0, 5, 10, 15, and 20 wt % 
of wood flour are displayed in Figure 6.14 and Table 6.9. It is seen that there were no 
obvious changes in the glass transition temperature (Tg) with addition of wood flour to the 
PVA/wood composites. The melting temperature (Tm) of the samples was calculated from 
the maximum peaks of exothermic DSC thermographs. A higher melting temperature was 





Figure 6.13 TGA (a), DTGA (b), profiles of PVA and PVA/Wood flour 
nanocomposites. 











PVA  281.31 315.30 4.47  
PVA + 5 % Wood flour 282.85 310.28 4.30 
PVA + 10 % Wood flour 271.74 310.07 5.01  
PVA + 15 % Wood flour 277.89 311.08 5.15 






Figure 6.14 DSC thermograms of the second heating for PVA and its nanocomposites 
with wood floor. 
Table 6.9 Summary of DSC results of PVA and its nanocomposites with 
wood flour 
Materials        Tg 
     (°C) 
    Tm 
    (°C) 
Pure PVA   70.64 167.4 
PVA + 5 % Wood flour  69.46 177.84 
PVA + 10% Wood flour  69.69 182.31 
PVA + 15% Wood flour  69.15 180.74 




Chapter 7 Conclusions, Contributions, and 
Recommendations 
7.1 Conclusions 
In the preliminary phase of this research, we developed a stable high voltage direct current 
(DC) power supply in the laboratory with maximum capacity of 30 KV. The main parts of 
high voltage power supply system are: high voltage flyback transformer, a PWM circuit, 
and a feedback circuit. The output of high voltage can be adjusted by changing the duty 
cycle and frequency of the PWM signal and a feedback circuit is used to regulate a stable 
voltage.  
In order to design a dynamic electrostatic potential system, we replaced a single conductive 
electrode, typically used in an electrospinning process, with multiple electrodes. The 
voltage potential of these electrodes are altered with the help of microprocessor based 
control system. Switching the voltage potential of electrodes is the critical to generating 
various shapes of nanofibrous patterns. We demonstrated using finite element method that 
the distribution of high voltage electrical fields change with the electrodes switching 
patterns. Therefore, electrospun charged fibers could be moved from one location to 
another location. By switching the electrodes at a very fast pace, the electrospun fibers can 
be deposited in designated areas. Based on the required deposition patterns, a number of 
conductive electrodes may be needed and can be arranged in desired location. For each 
setup, separate ARDUINO codes need to be uploaded to the microprocessor. We interface 
the high voltage control system to the personal computer via HyperTerminal. 
We have disclosed that using our new advanced technique of controlling the activeness of 
electrodes with a microprocessor based system, various kinds of nanofibrous patterns can 
be fabricated. By increasing the number of electrodes and by controlling their switching 
pattern, a great variety of architectures can be obtained. The amount of electrospun fibers 
could be controlled either by controlling the deposition time of electrospinning or by 
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regulating the activation time of electrodes. The OT and the switching frequency between 
the adjacent electrodes are the main factors which control the amount of depositions in the 
architectures. By contrast, it is observed that when all electrodes were concurrently active 
(constant ground system), the field strength along the desired region was significantly 
lower resulting in lower yield. 
We have demonstrated that various kinds of functionally graded nanofibrous architectures 
can be constructed by changing the electrospun time in-between the active pair of 
electrodes. Electrode’s activation cycle durations, controlled by microprocessor system 
play a key role in regulating electrospun fibers deposition in the architecture. It has also 
been shown that the fibers can be deposited as randomly oriented nonwoven, uniaxial 
aligned or multi-directional mat by employing a number of electrodes and activating them 
in desired patterns. This is possible as the electrostatic forces can be altered by switching 
the potentials of electrodes, thereby, controlling the deposition and orientation of the 
fibers. The results clearly indicate that the packing density or the porosity and the 
orientation of electrospun fibers can be regulated within the architectures. 
We have investigated the effect of varying the gap between two adjacent collector 
electrodes on the fiber diameter and the alignment of electrospun fiber. It is found that the 
diameter of electrospun fibers initially decreased with increasing gap, reached a minimum 
and then increased slightly again. The degree of alignment of electrospun fibers with 
respect to horizontal axis improved by increasing the separation gap of electrodes except 
when electrodes were placed very close to each other. FE analysis elucidated that the 
electrical field strength was comparatively lower at smaller gap, therefore, electrostatic 
forces acting on the fiber jet are not strong enough to stretch out the fibers fully, and yields 
a thicker fiber diameter. Increasing the gap between the electrodes increases the electrical 
field strength and induces higher electrostatic forces on the fiber jet which favors the 
formation of thinner fibers. Further increase in the strength of electrical field increases the 
material flow leading to thicker fibers. 
The effect of electrodes size was also investigated. It is found that the alignment of fibers 
improves but the diameter of fibers reduces with increased electrode diameter. The results 
from FE analysis explained these phenomena. Very high electrical field strength develops 
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for small diameter of electrodes, and results in thicker and random fibers. Excessive 
electrical field draws more materials from the Taylor cone and the jet also travels very fast. 
The electrical field strength decreases as the surface area of electrode face increases. Thus, 
the electrospun fiber morphology and orientation improves.  
It is anticipated that this simple and versatile advanced method of electrospinning based 
on microprocessor control of electrodes will have great potential for the fabrication of a 
wide variety of nanofibrous patterned architectures and will have significant impact on 
future developments of electrospinning process. This will lead to widespread applications 
both in health sciences and the industry. 
Nanofibrous PVA scaffolds, PVA/Wollastonite and PVA/Wood flour composites were 
successfully prepared via electrospinning. Morphological results exhibited that the 
reinforced wollastonite and wood flour were well distributed into the PVA matrix. In 
addition, x-ray computed tomography and Fourier transform infrared spectroscopy 
confirmed the existence of wollastonite particles in the nanofibrous composites. The 
mechanical properties such as tensile strength and tensile modulus improved significantly 
with the addition of reinforcements indicating good adhesion and dispersion of filler 
materials into the matrix. PVA_20 wollastonite nanofibrous composite showed the 
maximum tensile strength, and tensile modulus but minimum elongation at break when it 
was reinforced by 20 wt % of wollastonite. Similar trend has been observed in PVA/Wood 
flour fibrous nanocomposites. Thermal results show that the introduction of wollastonite 
and wood flour had no distinct change in the thermal stability of composites. In short, the 
developed nanofibrous PVA/Wollastonite and PVA/Wood flour composites could be of 
potential use for many applications where high mechanical strength and thermal stability 
are needed, for instance, filtration and bone tissue engineering. 
7.2 Contributions 
 We developed a versatile advanced electrospinning method where a single 
conductive electrode, typically used in an electrospinning process, was replaced 
with multiple electrodes. 
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 Controlling the activeness of electrodes with a microprocessor based system, 
various kinds of nanofibrous patterns can be fabricated. 
 The amount of electrospun fibers could be controlled either by controlling the 
deposition time of electrospinning or by regulating the activation time of 
electrodes. 
 The voltage potential of these electrodes are altered with the help of 
microprocessor based control system. Therefore, electrospun charged fibers could 
be moved from one location to another location. By switching the electrodes at a 
very fast pace, the electrospun fibers can be deposited in designated areas. 
 A great variety of functionally graded nanofibrous architectures can be constructed 
by changing the electrospun time in-between the active pair of electrodes. 
 Electrospun nanofibers can be deposited as randomly oriented nonwoven, uniaxial 
aligned or multi-directional mat by employing a number of electrodes and 
activating them in desired patterns. 
 Nanofibrous PVA scaffolds, PVA/Wollastonite and PVA/Wood flour composites 
were successfully prepared using rotating drum electrospinning technique. 
7.3 Recommendations 
We have demonstrated that our advanced electrospinning method can be used for 
developing various patterned architectures, controlled amount of deposition in the 
electrospun scaffolds, fabricating different types of functionally graded scaffolds, uniaxial 
aligned mats and to produce aligned multidirectional nanofibers. Although we have 
worked on many possibilities of generating various types of nanofibrous scaffolds with 
our versatile setup, further improvements/modifications can be carried out for specific 
potential applications. Therefore, following is recommended for future work: 
 We have collected electrospun fibers on acrylic sheet through which copper wire 
electrodes protruded so that the sheet plus copper electrodes together acted as fiber 
collection system. We have protruded the copper rods so that the electrical field is 
not disturbed. An extensive experimental works can be carried out in order to direct 
deposition of electrospun fibers on the substrate materials. 
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  We have developed ordered and functionally graded nanofibrous architectures 
which can be useful for many advanced applications i.e, tissue engineering 
scaffolds, and electronics devices. Therefore, the work can be extended by 
implementing our improved method to the medical science and industrial 
applications. 
 We have employed FEM to investigate the behaviors of electrical field with the 
control switching patterns. A mathematical model can be developed to determine 
quantitatively the electrospinning process.  
 Other polymeric materials can be researched.  
 Some parametric studies have been investigated with our developed setup which 
are shown in chapter 5. To make an empirical model of this system a number of 
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There are four elements such as tets, bricks, prisms, and pyramids (shown in Figure A1) 
can be used, in various combinations, to mesh any 3D model. 
 
Figure A1 Three dimensional mesh elements 
Tetrahedral elements are the most common used element type for any 3D model in FE 
analysis. They are known as a simplex because any 3D volume, regardless of shape or 
topology, can be meshed with tets. They can be used with adaptive mesh refinement. For 
these reasons, tets elements are the first choice of meshing. The other three element types 
(bricks, prisms, and pyramids) are normally used when it is driven to do so. The meshing 
algorithm usually needs some more user input to create such a mesh and with these 
elements it will not always be able to mesh all types of geometry. 
In order to choose the tetrahedral element size for meshing of each geometry we carried 
out a quick simulation for three different cases which are listed in Table A1. 
The distance between the needle and collector was 60 mm. A box 100 mm (L) x 55 mm 
(W) x 55 mm (H) was drawn to model the surrounding environment. The materials of 
needle, electrodes, and surrounding were stainless steel, copper, and air, respectively. At 
141 
 
the needle, a 10 KV positive voltage potential was applied and zero potential to electrodes. 
Three dimensional tetrahedral mesh generated for different cases is displayed in Figure 
A2.  
Table A1 Different element configurations for meshing of geometry 
 Needle Electrodes Remaining Geometry 
Case 1 Extremely fine element 
(max. size – 2 mm 
Min. size – 0.02 mm) 
Extra fine element 
(max. size – 3.5 mm 
Min. size – 0.15 mm) 
Finer element 
(max. size – 5.5 mm 
Min. size – 0.4 mm) 
Case 2 Finer element 
(max. size – 5.5 mm 
Min. size – 0.4 mm) 
Fine element 
(max. size – 8 mm 
Min. size – 1 mm) 
Normal element 
(max. size – 10 mm 
Min. size – 1.8 mm) 
Case 3 Custom element 
(max. size – 1 mm 
Min. size – 0.005 mm) 
Custom element 
(max. size – 2 mm 
Min. size – 0.02 mm) 
Custom element 
(max. size – 3 mm 
Min. size – 0.2 mm) 
Electrical field strengths are measured at the needle tip and electrode tip which are listed 
in Table A2. It is seen that the electrical field strengths are almost similar in case 1 and 3. 
In contrast, slightly higher electrical field strength was observed in case 2 where coarse 
elements were used for meshing. Therefore, we selected case 1 for further FE simulation.  
Table A2 Electrical field strength for different cases 
 Electrical field strength at 
needle tip (V/m) 
Electrical field strength at 
electrode tip (V/m) 
Case 1 5.5 x 106 1.2 x 106 
Case 2 5.6 x 106 1.2 x 106 





Figure A2 3D tetrahedral mesh A) case 1, B) case 2, and C) case 3. 
